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ABSTRACT
USE OF COVER CROPS FOR WEED SUPPRESSION AND NUTRIENT CAPTURE
By
Elisabeth Ann Hodgdon 
University of New Hampshire, September 2013
Cover crops suppress weeds by competing for resources. The purpose of the first 
study was to quantify the effects of cover crops on weeds and the soil environment. 
Forage radish (Raphanus sativus L. var. longipinnatus ‘Tillage Radish’) was most 
effective at reducing weeds. The purpose of the second study was to quantify the effects 
of these cover crops planted the previous summer on growth of a test crop and residual 
weed populations. Test crop yield and chlorophyll levels were highest and weed 
populations were lowest in plots that had previously been planted with forage radish. In 
the third cover cropping study, cover crops were seeded at three dates between rows of 
established sweet com (Zea mays L. var. rugosa) to determine optimum timing of 
intercrop planting. Heavy pressure from weeds growing within intercrops resulted in 
reduced yields and large additions to the soil weed seed bank when intercrops were 
seeded prior to com reproductive maturity.
xiv
INTRODUCTION
In recent years, the practice of cover cropping has grown in New England in a 
wide range of systems, including conventional, organic, large scale and small scale 
production systems. The most traditional cover cropping system practiced in this region 
is winter rye {Secale cereale L.) seeded late in the season following harvest of an 
economic crop such as com or other vegetables. The purpose of these studies was to 
evaluate the performance of a wide range of cover crop species in terms of their ability to 
suppress weeds throughout the seasons, improve soil nutrient status and benefit 
subsequent economic crops in the rotation. Many of the species included in these studies 
are not commonly used in New England and the data collected here can be used to assess 
whether these species may be suitable for our region.
My thesis includes three experiments aimed at assessing the agroecological 
effects of cover crops:
1) Effects of late-season plantings of cover crop monocultures and polycultures on 
cover crop performance and weed suppression
2) Feedback effects of cover crops on subsequent test crop growth and weed 
community composition
3) Intercropping of cover crops into established organically-managed sweet com
Quantitative and qualitative observations of weed populations, the soil
microenvironment and crop growth and yield were assessed to understand these plant- 
plant and plant-soil interactions. Information gained from these studies provides useful
1
information for growers wishing to adopt new cover cropping practices and determine 





A cover crop is any crop not intended for harvest and is grown for the purpose of 
maintaining or building soil quality (Sarrantonio, 1994). The roots of a cover crop, 
especially those with fibrous root systems, help keep soil in place while shoots provide 
groundcover, preventing erosion, soil loss and nutrient leaching. Biomass produced both 
above and belowground contribute organic matter to the soil, improving soil nutrient 
status, aeration, water relations and benefiting soil microbial life, compared to soil left 
bare (Gabriel and Quemada, 2011; Snapp et al., 2005). Choice of cover crop by a grower 
is dependent upon the desired outcomes of nutrient contributions, weed suppressive 
capabilities, ability to harbor crop pests and pathogens and cost and ease of management 
(Ingels et al., 1994). Winter rye is the most commonly used cover crop in New England 
because it occupies a late-season niche in the typical cropping season when soil may 
otherwise be left fallow. Winter rye is a winter annual that overwinters and provides 
coverage of soil until it is terminated the following spring.
Cover crops can be divided into two groups: legumes (nitrogen-fixing members of 
the Fabaceae family) and non-legumes (typically grasses or grains of the Poaceae family, 
Brassicas and other plant families). Legumes are frequently used before or after 
economic crops with high nitrogen requirements to replenish or build nitrogen reserves in
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the soil. Clovers (Trifolium spp.) and vetch (Vicia spp.) are examples of legume cover 
crops commonly used in New England.
Cover crops can promote naturally occurring soil flora and fauna, including 
arbuscular Mycorrhizal fungi (AMF). AMF form symbiotic relationships with plants by 
utilizing energy from root cells, in turn greatly increasing root surface area through 
hyphal extensions, allowing for greater absorption of phosphorous (P) and other nutrients 
for the plant’s use (Stem, 2006). Colonization of crop roots by AMF is greater following 
an overwintered cover crop versus bare soil (Galvez et al., 1995). Increased organic 
matter additions from cover crops increase carbon, nitrogen and other resources for soil 
microbes versus leaving soil fallow between economic crops. Building diverse soil 
microbial populations increases rates of nutrient mineralization and lessens impacts of 
soil pathogens (Abawi and Widmer, 2000; Altieri, 1999). Use of cover crops greatly 
influences soil nutrient status and overall physical, biological and chemical qualities, 
impacting the growth of future crops.
Forage radish (Raphanus sativus L. var. longipinnatus ‘Tillage Radish™’) is a 
relatively new cover crop being promoted to producers by seed companies touting the 
crop’s ability to alleviate compacted soil and to “scavenge” and store soil N (Cover Crop 
Solutions LLC, 2013). This novel radish cultivar is commonly confused with oilseed 
radish {Raphanus sativus L. var. oleiformis), which does not produce roots as large as 
‘Tillage Radish®’ in trials (Dean and Weil, 2009). The long roots of the radishes grow 
deep into the soil profile, breaking apart plow pans and accessing nitrogen reserves that 
are unobtainable by most plant roots (Dean and Weil, 2009). As they decay, forage 
radish roots leave deep channels in the soil and release stored N for crop growth. These
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channels collect water, preventing runoff (White and Weil, 2011). They also serve as 
channels for new roots to grow. Breaking up soil compaction allows for roots to grow 
deeper into the soil, accessing water and other nutrients, improving crop growth. While 
many commonly used cover crop species are hosts to AMF, Brassicas, including forage 
radish, are not. However, White and Weil (2009) report that AMF colonization in 
subsequent crops is not reduced by Brassica residues. As they decay, forage radish roots 
release isothiocyanates and glucosinolates that have antifungal and phytotoxic properties, 
which may reduce pressure from plant pathogens and weeds (Haramoto and Gallandt, 
2004). Laboratory tests have shown reduced seed germination and inhibition of seedling 
growth of many common weeds when exposed to these allelochemicals and breakdown 
products. Field trials have also demonstrated increased weed suppressive abilities of 
Brassica cover crops compared with bare ground and other cover crop species, also 
carrying over into planting of the next economic crop in the rotation (Haramoto and 
Gallandt, 2004; Lawley et al., 2011). This late-season cover crop may fit well into New 
England cropping systems, but more research is needed to evaluate its performance in our 
region. Many forage radish trials have been conducted in the Mid-Atlantic states and 
have established seeding rate, planting dates and nutrient sequestration estimates. Soil 
and nutrient dynamics warrant further research into timing of decomposition and nutrient 
mineralization in the spring with subsequent crop uptake in our northern climate.
Competition from weeds is one of the most limiting factors to yields in vegetable 
production systems, especially organic systems, where synthetic herbicides are not 
permitted. Where synthetic herbicides are permitted the array of herbicides approved for 
specialty crops, such as vegetables, can be very small and inadequate. For these reasons,
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weeds are often controlled using mechanical and manual cultivation. Repeated 
disturbance of the soil through tillage and cultivation often leads to erosion, loss of 
organic matter, disruption of soil microbial activity and ultimately poor soil health 
(Karlen et al., 1994; Liebman and Davis, 1999). In recent years, vegetable producers 
have turned to plastic mulches for weed suppression. While these materials are highly 
effective at smothering weeds, the result of this strategy is a large amount of plastic at the 
end of the season that cannot be reused or recycled. Biodegradable plastic options 
present a solution to the problem of waste, but cannot currently be used in certified 
organic production in the United States. Use of cover crops before, during and after 
production is one production practice that has the potential to allow for control of weeds 
without chemical inputs.
Growth form and life cycle determine the degree to which cover crops may inhibit 
weed growth by altering the environment within the field. Crops with dense leaf 
canopies greatly reduce the amount of light reaching the soil surface available for weed 
seeds to absorb in order to germinate. The plant hormone phytochrome is sensitive to the 
effect of shading versus direct sunlight. Many small-seeded weed species require 
unfiltered sunlight in order to begin the germination process. Phytochrome is converted 
to an active form when exposed to red light in direct sunlight, and to an inactive form 
when exposed to far red light in the shade. Far red light inhibits the germination of these 
sensitive species (Boyd and Van Acker, 2004; Taylorson and Borthwik, 1969). The 
degree to which different species and seeding densities shade the soil has a direct impact 
on weed densities in the field. Interception of sunlight reduces soil temperature and 
prevents loss of soil moisture, also effecting weed seed germination and growth.
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Intercropping
Intercropping, interseeding and use of “living mulches” are systems in which a 
cover crop is sown between rows of economic crops, or in some cases, rows of two or 
more economic crops are grown side by side. Most studies of intercropping with cover 
crops strive to solve one underlying dilemma: how might a producer gain the benefits of 
a cover crop within fields remaining in production without reducing yield of the cash 
crop? Taking advantage of the benefits from cover crops on soil health, erosion 
prevention, nitrogen fixation, organic matter addition, reduction of insect pests and weeds 
while at the same time growing a cash crop without compromising yield is the ideal 
scenario for growers. Intercropping systems typically limit yields due to competition for 
nutrients and moisture between crops, inability to cultivate or apply herbicides for weed 
control, soil cooling by living mulches and in certain cases, phytotoxic effects due to 
allelopathy (Grubinger and Minotti, 1990; Walters and Young, 2008). Economic 
feasibility and profitability, depending on yield impacts, may also be of concern to 
producers. Yields of cash crops in these systems are highly dependent on choice of 
intercrop species and management practices to limit competition between the two crops. 
Planting date and choice of intercrop species, row spacing, control with herbicides and 
partial rototilling are techniques used to circumvent these challenges (Fischer and Burrill, 
1993; Grubinger and Minotti, 1990; Jeranyama et al., 1998).
Benefits of Intercropping
The practice of intercropping cover crops between rows of an economic crop 
allows for the creation of a more diverse agroecosystem and more stable soil structure
7
(Ratnadass, 2011). Repetitive soil disturbance leaves soil between rows bare. Bare soil 
becomes less stable and is prone to erosion by wind and rain. Reduction of erosion and 
soil runoff improves water quality (Uri, 2000). Reduced compaction and fibrous root 
systems from cover crops lead to improved soil aggregate stability and greater 
percolation of water through soil. This phenomenon, in addition to the presence of plant 
cover, can result in higher moisture retention in soils covered by living mulch compared 
to bare soil (Liebl et al., 1992). Benefits of increased biodiversity include provision of 
resources for pollinators, more diverse soil microbes and increased nutrient 
mineralization and carbon sequestration, which in turn may increase overall system 
productivity over time (Hajjar et al., 2008; Tilman et al., 1997).
Use of legume intercrops may have the potential to fix enough nitrogen in the soil 
to reduce fertilizer applications for the cash crop. Legumes planted with non-leguminous 
crops fix more atmospheric N than when planted alone. Non-leguminous crops deplete 
soil N, cueing the legume to increase N fixation rates in response to this depletion (Ofori 
and Stem, 1987). Vrabel (1981, cited by Grubinger and Minotti, 1990) found that com 
planted into tilled strips in an established living white clover mulch suppressed by 
atrazine ultimately had higher levels of nitrogen in leaf tissue samples than in those from 
the bare ground control. Clover was incorporated in bands as a method of zone tillage to 
create a seedbed prior to the com planting and was sidedressed with approximately one 
third of the nitrogen fertilizer given to control plots. Com yields in these plots were 
equal to or greater than the controls that had only fertilizer inputs. Living mulches may 
not only provide nitrogen to the current season’s cash crop, but to crops grown later in 
the rotation. Red clover intercrops grown within silage com can fix approximately 19 kg
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N-ha'1 in the soil for the following season (Scott et al., 1987). In a study by Jaranyama et 
al. (1998), medics (Medicago spp.) intercropped within grain com provided about 37 kg 
N-ha'1, resulting in a com grain yield increase of 17% the following season compared 
with yields from plots that had not been intercropped. Scott et al. (1987) found that com 
intercropped with alfalfa and sidedressed with nitrogen fertilizer contained as much tissue 
nitrogen as the bare ground control with sidedressing. However, in the following season 
it was found that com yield was not responsive to green manure nitrogen contribution 
under 56 kg N-ha'1, and yields were generally not affected by these contributions. Sweet 
com grown in Kentucky within hairy vetch living mulch grew 23% taller and yielded 
24% higher cob weights than the bare ground control (Galloway and Weston, 1996). 
Despite these reports of comparable or increased growth and yields, many other studies 
show decreased com yields due to competition when com is not planted prior to the cover 
crop (Fischer and Burrill, 1993; Gmbinger and Minotti, 1990).
Deguchi et al. (2007) measured tissue phosphorous content in com leaves and 
silage com yield when grown in a white clover living mulch without P fertilizer and in 
bare row monoculture at various P fertilizer application rates. They found greater com 
leaf tissue P content in those plants grown with the clover living mulch and no P fertilizer 
in comparison with those grown without the mulch or P fertilizer. The higher AMF 
colonization of com plants grown adjacent to living mulch resulted in greater soil P 
uptake, in turn increasing yields. In addition to decreasing N fertilizer requirements, a 
legume or other cover crop living mulch could reduce P fertilizer application.
Incidence of pests and disease may be reduced in intercropping systems.
Gmbinger and Minotti (1990) found that control plots of sweet com suffered more
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damage from com smut compared with plots intercropped with Dutch white clover. 
Although managing a polyculture intercropping system may present challenges, creation 
of a more diverse ecosystem may serve to encourage beneficial insects and reduce pest 
problems compared with a monoculture environment. Vegetables intercropped with 
mown hairy vetch and winter rye have shown reduced populations of insect pests, 
including cabbageworms, cabbage loopers and diamondback moths compared with bare 
ground controls (Mwaja et al., 1996).
Intercrops result in a more complex agroecosystem. This complexity, however, 
can result in a three-way competition for resources by the economic crop, the intercrop 
and weed populations. Each species will respond to these competitive pressures 
differently. The producer attempts to manage the system to promote success of the 
economic crop, minimizing overlap of nutrient, water, light, and other needs with the 
other populations. Use of multiple sources of fertility and legumes may allow for 
variation in nutrient availability. Exclusive use of inorganic fertilizer may create a more 
competitive environment between weeds and crops, as there is only one source of 
nutrients to meet the requirements of both groups. The Resource Pool Diversity 
Hypothesis theorizes that crop-weed competition decreases as the diversity of resources 
in the system increases (Smith et al., 2009). Multiple sources of fertility with varying 
rates of availability allow for a more diverse weed population, preventing a few dominant 
species from being problematic and competing with the crop. Dyck et al. (1995) found 
that lambsquarters interference in subsequent sweet com after clover was more than three 
times less than that in sweet com with only chemical fertilizer the previous year.
Nitrogen source appears to have an effect on weed population dynamics.
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Carruthers et al. (1998) found that overall weed biomass within rows of com 
planted with intercrops was not affected. Dicot weeds between rows were suppressed by 
intercrops in some treatments, most reliably with red clover soybean mix. Competition 
for light between the economic crop, intercrop and weeds plays an important role in weed 
suppression in these systems. Shading of weeds by intercrops is especially crucial in 
vegetable crops that provide little leaf canopy.
Cover crops contribute to weed control within row crops through direct resource 
competition and chemical suppression (i.e. allelopathy). Allelopathy is the ability of one 
plant to interfere with or suppress the germination, growth or development of another 
plant through the production of phytotoxic chemicals (Barnes and Putnam, 1986). 
Allelochemical production is a trait that has evolved over time to allow plants to better 
compete for establishment in competitive environments with limited nutrients, water, 
light and other resources, especially those colonizing disturbed environments (Callaway 
and Ridenour, 2004). Winter rye’s allelopathic traits have been well documented. The 
two main allelochemicals synthesized by winter rye are 2,4-dihydroxy-1,4(2H)- 
benzoxazin-3-one and 3(3H)-benzoxazolinone. These chemicals and their breakdown 
products have been shown to be the effective phytotoxic substances responsible for rye’s 
allelopathy. Studies have shown that rye’s allelochemicals successfully inhibit growth of 
the major agricultural weeds redroot pigweed (Amaranthus retroflexus L.), lambsquarters 
(Chenopodium album L.) and common ragweed (Ambrosia artimisiifolia L.) (Chase et 
al., 1991). Although less documented, clovers and alfalfa may also reduce weed 
populations through allelopathy (Liebman and Davis, 2000; Ross et al. 2000). Ross et al. 
(2000) observed greater control of a mustard weed species grown in Trifolium spp.
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clovers and winter rye living mulch compared with bare ground controls. Use of cover 
crops allows for an integrated and ecological approach to weed management, reducing 
weed populations through both physical and chemical means.
Challenges With Intercropping
Intercropping systems can result in cash crop yield reductions due to competition 
when cover crops are not managed properly. Grubinger and Minotti (1990) found that 
nitrogen levels were lower in com leaves in plots with Dutch white clover left to grow 
unhindered and in plots where clover was mowed compared to where the cover crop was 
rototilled prior to com planting. Fischer and Burrill (1993) found that chemically 
suppressed white clover in a sweet com living mulch system decreased yields by 12 -  
39%. Cash crop planting density may also influence the success of an intercropping 
system.
While it is beneficial for a cover crop to produce phytotoxic allelochemicals to 
control weeds, it raises the question of whether or not these chemicals will harm the 
economic crop. Rye residues and intercrops may have detrimental effects on crops if not 
managed properly. Some microbial breakdown products of these allelochemicals, can 
remain in the soil for several months. Wojcik-Wojtkowiak (1990) found that com 
planted directly into heavy rye residues that were killed later in the spring yielded less 
than when rye was not used as a cover crop previously or was killed earlier and 
incorporated. Liebl et al. (1992) compared soybean yields in no-till systems when rye 
was killed chemically earlier in the spring versus at the time of planting, and found that 
yields were 32 to 45% lower in plots with later-killed rye. However, it is difficult, if  not
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impossible, to isolate effects of allelopathy in field experiments. Rye intercrops actively 
produce allelochemicals that could have impact on sensitive crops as well as weeds. 
Alternatively, Ateh and Doll (1996) found that weeds were actively suppressed by rye 
living mulch in soybean without compromising yield.
Living mulches may adversely affect crops sensitive to cooler soil temperatures. 
Transplanted zucchini grown in a living rye mulch exhibited higher rates of unmarketable 
squash, and ultimately lower yields compared with bare ground, likely due to both cooler 
temperature and possibly allelopathy (Walters and Young, 2008).
The cost of cover crop seed, added labor and equipment use represent potential 
economic constraints to the use of intercropping systems compared with monoculture. A 
low-cost method for overseeding a cover crop into a tall cash crop, such as sweet com, 
may present a challenge, as use of equipment may not be feasible. Hand seeding is an 
option for those seeding less than an acre, although this often leads to inconsistent and 
excessive seeding rates. Hand crank operated broadcasters are cheap investments for 
those seeding a larger acreage. Large-scale commercial growers may opt for high 
clearance tractors or contract aerial applications. Nitrogen-fixing legumes may help 
defray these costs by reducing nitrogen fertilizer applications in the following season.
Intercrop Planting Date
Several practices, including chemical suppression, mowing, rototilling, 
adjustment of plant spacing, and altering timing of planting, may help to reduce 
competition between intercrops and cash crops. Narrower rows may decrease 
competition from the cover crop by shading and ultimately suppressing its growth. While
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75-90 cm row spacing is the generally accepted practice for planting sweet com, 
narrower rows have been shown to increase yield in clover-com systems compared to 
wider rows with clover (Fischer and Burrill, 1993). However, altering timing of cover 
crop seeding in relation to cash crop planting date appears to hold more promise and be 
less labor and input intensive than some of these methods. The system of seeding 
intercrops into established crops is known as relay intercropping.
Waiting to seed intercrops until after establishment of com may avoid yield 
reductions in comparison to com monoculture systems. Seeding legume intercrops into 
sweet com at the V9 (nine-leaf) and blister (10 -  14 days after silking, initial kernel 
formation) stages had no detrimental effect on cash crop yield compared with bare 
ground controls (Guldan et al., 1996). In New York, trials with various intercrops 
planted in silage com at 15 cm and at 30 cm height and at midsilk similarly resulted in no 
yield reduction (Scott et a l, 1987). Medics (Medicago spp.) sown into grain com at 
planting and at two weeks later were found to reduce yield by up to 50% compared with 
clear-seeded com, while waiting to seed until 28 days post com planting did not reduce 
yields (Jeranyama et al, 1998).
Relay intercropping studies in other crops have had similar success. When seeded 
concurrently with sunflower, vetch, clover and alfalfa can reduce number of achenes per 
head, head size and overall final yield of the cash crop (Kandel et a l, 1997). Waiting 
until the sunflower V4 (four-leaf stage) to seed clover and vetch, however, enabled 
intercropping without compromising sunflower yield. Trials with soybeans seeded into 
oats and wheat found resulted in significant reduction in yield when soybeans were 
seeded at early boot or late boot stage of oats and wheat, respectively (Chan et al., 1980).
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However, seeding of legume intercrops at the same time as small grains resulted in 
reduced yield (Chan et al., 1980). Brainard and Belinder (2004) successfully reduced 
competition effects in a broccoli-winter rye system. Rye seeded ten and twenty days 
after broccoli was transplanted reduced weed pressure while maintaining broccoli yields.
While waiting to seed intercrops appears to be a promising method to reduce yield 
impact, typically the larger the cash crop, the more difficult it may be to establish a cover 
crop between rows. Hot and dry temperatures mid-season could create a hardened 
seedbed on which the cover crop seeds would not germinate. Kandel et al. (1997) found 
this to be an issue when seeding into sunflower late in the season. Scott et al. (1987) also 
experienced poor intercrop establishment when seeding into silking com, yet despite less 
than optimal establishment, soil cover was determined to be greater than the controls 
without overseeding.
Suppression of intercrops using chemical or mechanical methods are options to 
reduce competition and impacts on yield but are not always effective. Often these 
attempts at suppression are not enough to inhibit intercrop growth and are more labor and 
input intensive than relay seeding. Postponing seeding date of cover crops has great 
potential for maintaining optimal yields of the main crop, because it eliminates any 
competition during the establishment of the cash crop. Further research is required to 
develop intercrop species and planting date recommendations in New England for sweet 
com, a widely grown staple.
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Conclusion
Crops grown between economic crops seldom receive as much consideration as 
economic crops grown in a crop rotation, yet these crops have the potential to influence 
yields and profit in the future. Research has demonstrated the ability of cover crops to 
reduce pressure from pests, disease and weeds, improve soil quality and reduce fertilizer 
inputs. Further knowledge on regional performance of cover crop species in rotations 
and intercropping systems will prove useful in aiding growers to make decisions that will 
improve sustainability on their farms.
1 6
CHAPTER II
LATE SEASON SUPPRESSION OF WEEDS BY COVER CROPS
Introduction
Cover crops are included in agricultural systems for the purposes of maintaining 
and improving soil quality and fertility, as well as to compete with and suppress weed 
populations (Liebman and Davis, 2000). Many different species and cultivars of cover 
crops are now available for New England growers to choose from. The best crop for a 
given situation is determined by a number of factors influencing the ability for a cover 
crop to occupy a niche in the cropping system while serving desired agroecosystem 
services (Snapp et al., 2005).
Cover crops suppress weeds both physically and chemically and present an 
ecological alternative to curative measures such as tillage and herbicide application 
(Liebman and Davis, 2000). They alter the microenvironment in which they live, 
limiting light, nutrients, water and other resources necessary for weeds to thrive. Some 
weed species have a photorequirement of red light in the spectrum of sunlight to break 
dormancy and trigger germination. The germination of these species may be inhibited 
under dense cover crop canopies that reduce infiltration of red light to the soil surface 
(Teasdale and Mohler, 1993). Additionally, reduction in light transmission to the soil 
surface reduces average soil temperature and mediates fluctuation in soil temperature, 
inhibiting germination in some weed species (Kruk et al., 2006). Certain cover crop 
species have the ability to synthesize and exude phytotoxic allelochemicals that inhibit
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the germination and growth of surrounding plants. In lieu of tillage, planting cover crop 
species that do not form a dense leaf canopy have the potential to exacerbate weed 
problems by allowing weeds to coexist within stands of cover crops, reach reproductive 
maturity, and contribute to the soil weed seed bank. Information on comparative weed 
suppressive abilities of cover crops is essential for growers choosing to adopt cover 
cropping practices as an alternative or in addition to repeated tillage or herbicide use as 
part of a weed management plan to limit additions to the weed seedbank.
The purpose of this study was to determine the weed suppressive abilities of eight 
late-summer planted cover crops: alfalfa (Medicago sativa L. ‘Vernal’), crimson clover 
(Trifolium incarnatum L.), Dutch white clover {Trifolium repens L.), annual ryegrass 
(Lolium multiflorum Lam.), winter rye (Secale cereale L.), soybean (Glycine max L.
Merr. ‘Viking 0.2265’), forage radish (Raphanus sativus L. var. longipinnatus ‘Tillage 
Radish™’), hairy vetch {Vicia villosa Roth.) and two mixtures: crimson and Dutch white 
clover mix and winter rye and hairy vetch mix. We were particularly interested in 
comparing the performance of alfalfa, crimson clover, soybean and forage radish, less 
commonly used cover crop species, to others that are more frequently grown in New 
England, such as winter rye, Dutch white clover, hairy vetch and ryegrass. An additional 
objective was to compare weed control by mixtures to cover crop monocultures and to 
compare two seeding rate of forage radish, 1 0  kg-ha'1, the recommended rate, and 28 
kg ha'1, 2.5 times the recommended rate. The mechanisms by which the cover crop 
canopies alter the soil microenvironment were assessed to determine how cover crop 
species affects weed community abundance and biodiversity. Following harvest of an 
economic crop late in the season, these cover crops may fill the gap normally occupied by
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weeds in a bare field, thus lessening contributions to the weed seedbank and lessening 
weed pressure in the following season (Kruidhof et al., 2008).
Materials and Methods 
Site Description
Field experiments were conducted in 2011 and 2012 at UNH Woodman Farm in 
Durham, NH in fields of Charlton fine sandy loam. Winter rye and sorghum-sudangrass 
{Sorghum bicolor (L.) Moench x Sorghum Sudanese (P.) Stapf ‘Pro-Max™’) had been 
grown the previous season in field sites used in the first and second year of the study, 
respectively. Soil test results for the 2011 field site indicated very high levels of 
phosphorus (330 ppm), low levels of potassium (121 ppm) and 2.1% organic matter. Soil 
tests for the 2012 field site were similar, with levels o f phosphorus at 204 ppm, potassium 
at 132 ppm and 1.8 % organic matter. Fields received liquid dairy manure in early June at 
an approximate rate of 74,800 L-ha'1, contributing 122 kg N, 123 kg P2 O5 and 198 kg 
K^O-ha' 1 according to book values (Havlin et al., 1999).
Crop Establishment and Management
In 2011, four 9.3 m plots of cover crops were seeded at each of two planting 
dates, Jul. 29 and two weeks later on Aug. 12, 2011 in a randomized complete block 
design within planting date. In 2012, cover crops were seeded on Jul. 25 and Aug. 8  but 
were also randomized by planting date. Eight plots of each treatment were seeded in 
total.
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Table 2.1 Fall cover crop seeding rates and approximate costs per hectare. Seed source 
for some species varied between years. All seeds were conventional untreated unless 




Cost of seed 
per ha Seed source and location
Alfalfa 22 $25.74 Albert Lea Seed (MN)
Crimson
clover
45 $25.20 (2011) 
$190.35 (2012)
Albert Lea Seed (MN; 2011) 





45 $54.90 (2011) 
$283.41 (2012)
Albert Lea Seed (MN; 2011) 




22 $29.70 (2011) 
$93.06 (2012)
Albert Lea Seed (MN; 2011) 
Johnny’s Selected Seeds (ME; 2012)
Annual
ryegrass







Rye: Blue Seal (IA)
Vetch: Johnny’s Selected Seeds (ME)Vetch:
56
$194.32
Winter rye 56 $4.54 Blue Seal (IA)
Soybeans 168 $45.36 Albert Lea Seed (MN)
Forage radish 11 $15.84 Albert Lea Seed (MN)28 $40.32
Hairy vetchz 90 $312.30 Johnny’s Selected Seeds (ME)
Control 0 0 —
Organic seed used ; conventional vetch priced at approximately $81 ha'1 (Albert Lea
Seed)
Legume cover crops were inoculated with the appropriate Rhizobium species prior 
to planting. Seeds were broadcast and raked by hand to cover. Due to drought 
conditions, the first planting in 2011 was irrigated in the first two weeks following 
planting. Control plots were left unseeded and were not cultivated throughout the 
duration of the trial.
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Data Collection
Table 2.2. Timeline of data collection in late summer-seeded cover crop plots. Cover 
crop and weed population data were collected between three and six weeks after planting 
(WAP) and soil environmental factors and leaf area indices were measured between six
ht WAP.
Data











transmission to soil 
level
7 6 8 6
Leaf area index 7 6 8 6
Soil moisture 8 6 8 6
Soil temperature 8 6 8 6
and weed populations:
Cover crop density 3 3 4 4
Percent ground 
coverage 3 3 4 4
Weed density 3 3 4 4
Cover crop dry 
biomass 5 6 5 6
Weed dry biomass 5 6 5 6
Cover crop and weed establishment. 0.25 m2 quadrats were used for counting 
weed densities and measuring weed and cover crop biomass in plots. Weed and cover 
crop densities were measured three or four weeks after seeding for each planting using 
counts for two quadrats per plot (Table 2.2). Percent ground coverage by cover crops 
was visually estimated at this time. Biomass was sampled five weeks after planting 
(WAP) for the first planting and six WAP for the second planting (Table 2.2). Two 
samples were taken from half of the first planting plots and one was taken from the 
remaining plots in 2011. One biomass sample was taken from each of the plots in the 
second planting. Two biomass samples were taken from each plot from both plantings in
21
2012 and the two weights were averaged. Weeds and cover crops were stored at 4°C, 
sorted to genus or species level and dried at 49°C for a minimum of 14 days prior to 
weighing.
Soil environmental factors. Two measurements of light level, soil moisture and 
soil temperature were taken once in two locations per plot from both plantings between 
six and eight WAP and were averaged by plot (Table 2.2). Light levels and leaf area 
indices (LAI) above and below the cover crop canopies were measured at solar noon 
using an AccuPAR LP-80 ceptometer (Decagon Devices, Inc., Pullman, WA). Percent 
light transmittance to soil surface was calculated as (light level below canopy /light level 
above canopy)* 100. Soil moisture levels were measured using a FieldScout TDR 300 
soil moisture meter fitted with 5 cm rods (Spectrum Technologies, Inc., Aurora, IL). Soil 
temperature was taken with a soil thermometer 5 cm deep at the same time soil moisture 
measurements were taken.
Statistical Analysis
One-way analysis of variance (ANOVA) and Tukey’s Honestly Significant 
Difference (HSD) test were used to determine differences between mean light 
transmittance levels, soil moisture and temperature, LAI, cover crop ground coverage and 
weed and cover crop biomasses and densities of cover crop species (a<0.05).
Preliminary data screening was conducted to verify normality of distribution and 
homogeneity of variance. When log or other arithmetic transformations failed to 
normalize distribution or improve homoscedasticity, rank transformation was used and 
data were analyzed with ANOVA, as suggested by Conover and Iman (1981). 
Homogenous subsets detected by Tukey’s HSD tests are presented according to results
22
from ANOVA using original or log transformed data that allow for assumptions of 
ANOVA to be met. Symbols in tables indicate where data necessitated ranked 
transformation. ANOVA results using untransformed data are presented in Appendix I 
for these data where ranked results are presented in this chapter. Multiple regression was 
used to predict total weed biomass from cover crop biomass and from soil environmental 
factors: temperature, light transmittance, soil moisture and LAI. SPSS® (version 20, 
IBM®, Armonk, NY) statistical software was used for parametric analysis.
Nonmetric multidimensional scaling (NMDS) based on Sorensen distance 
measures was used to determine patterns in weed species community data and their 
relationship with aboveground cover crop biomass, LAI, light transmittance, soil 
temperature and moisture. Species data were relativized by maximum due to high 
coefficient of variation and log transformed via generalized procedure to achieve 
normality, and species present in less than 5% of plots were deleted prior to 
transformation and analysis (McCune and Grace, 2002). Pearson correlation coefficients 
were used to determine relationships between cover crop characteristics, soil 
environmental factors and weed species community variation. PC-ORD statistical 




Cover Crop LAI and Ground Cover
Forage radish, hairy vetch and the clover mix established quickly and produced 
the most dense leaf canopies with highest LAI and ground cover (Tables 2.3&2.4). LAI 
and ground cover by Dutch white clover and alfalfa were consistently low across both 
experiment years. LAI in winter rye and soybean plots were not significantly different 
from leaf canopy provided by weeds alone in the control plots in 2012 due to poor 
germination rates in this year.




Jul. 29 Aug. 12 Jul. 25 Aug. 8
Alfalfa 3.84 bcz 2.99 bz 3.52 az 2.32 abcz
Crimson clover 5.94 e 5.59 f 4.80 ab 3.50 bed
Crimson clover/Dutch 
white clover mix
5.49 cde 5.47 f 5.52 abc 4.23 cde
Dutch white clover 2.89 ab 3.79 bcde 16.37 a 3.21 abed
Ryegrass 5.15 cde 4.12 bedef 4.35 a 4.82 def
Winter rye/hairy vetch 
mix
4.37 bcde 4.43 bedef 7.18 bed 6.95 g
Winter rye 4.01 bed 3.41 bed 3.30 a 1.36 a
Soybean 4.60 cde 3.37 be 3.18a 1.70 ab
Forage radish (11 kg ha'1) 5.65 de 4.90 def 7.48 cd 6.81 fg
Forage radish (kg-ha') 5.32 cde 5.28 ef 7.65 cd 7.41 g
Hairy vetch 5.69 e 4.80 cdef 7.97 d 6.12 efg
Control 2.04 a 0.51 a 3.31 a 2.15 ab
Significance *** *** *** ***
Values within a column indicated by the same letter are not significantly different 
according to Tukey’s HSD test at P<0.05.
*** indicates significant at PO.OOl.
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Jul. 29 Aug. 12 Jul. 25 Aug. 8
Alfalfa 29 abcz 23 <1 a25' 20 a25'
Crimson clover 33 abed 53 be 54 be 61 be
Crimson clover/Dutch 
white clover mix
57 cdef 65 c 66 cd 64 be
Dutch white clover 24 ab 22 a 35 ab 66 be
Ryegrass 37 abede 20 a 54 be 49 ab
Winter rye/hairy vetch 
mix
61 def 31 abc 54 be 66 be
Winter rye 30 abed 22 a 6 a 1 a
Soybean 44 bcde 25 ab 35 ab 2 a
Forage radish (11 kg-ha') 75 ef 49 be 85 de 77 be
Forage radish (28 kg-ha'1) 96 f 62 c 96 e 91 c
Hairy vetch 17a 19a 66 cd 51 ab
Control 0 0 0 0
Significance *** *** *** ***
zValues within a column indicated by the same letter are not significantly different
according to Tukey’s HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
*** indicates significant at P<0.001.
Cover Crop and Weed Biomass and Densities
Cover crop biomass was highest in forage radish, hairy vetch and winter rye 
mixture, ryegrass and hairy vetch plots (Tables 2.5&2.6). Alfalfa and Dutch white clover 
were slow to establish and produced the least biomass. Poor germination of soybean and 
winter rye in the Aug. 8 planting accounted for low biomass and densities of these crops 
in 2012. Although biomass was highest in forage radish plots, plant densities were 
lowest in these treatments. Highest cover crop densities were found in ryegrass and the 
clover treatments (Tables 2.7&2.8).
Grass, broadleaf and total weed biomass was lowest in forage radish in all 
plantings and years and highest in the control, Dutch white clover, alfalfa, winter rye and
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soybean plots (Tables 2.5&2.6). Crabgrass (Digitaria spp.) was the dominant weed in 
2011, while purslane (Portulaca oleracea L.) was the most abundant weed found in 2012. 
Broadleaf weed biomass was nearly three times higher in 2012, yet monocot weed 
biomass was not significantly different between 2011 and 2012 (P=0.154). Overall weed 
pressure was highest in the field location used in 2012 (Figure 2.1). Biomass of these 
most prevalent weed species in each year, crabgrass and purslane, were lowest in forage 
radish plots.
26
Table 2.5. 2011 Average weed and cover crop biomass measured five WAP Jul. 29
Cover crop
................................. ......... ...........  - r " ■ ■ 1 "■ ....... ................................................................—......... ■■■■....................
Dry biomass (g-m‘ )
Weed species
Cover cropGrass Broadleaf Totalweed
Alfalfa 55.78 cdz 9.78 bz 65.56 cz 56.05 abz




7.34 b 47.70 c 83.86 abc
Dutch white clover 83.97 d 13.89 b 97.86 c 36.31 a
Ryegrass 31.28 cd 7.01 b 38.30 c 150.63 cde
Winter rye/hairy vetch 
mix
19.19 bed
2.95 ab 22.14 be 178.16 cde
Winter rye 23.73 be 7.09 ab 30.82 be 114.13 be
Soybean 24.24 cd 1.98 ab 26.22 be 136.90 cde
Forage radish (11 kg-ha') 5.88 b 2.37 ab 8.25 b 245.35 de
Forage radish (28 kg-ha'1) 0.22 a 0.29 a 0.57 a 296.60 e
Hairy vetch 46.64 cd 11.25 b 57.89 c 56.03 ab
Control 84.88 d 8.78 b 93.66 c —
Significance * * * ***
,  . .  . .  . .
Alfalfa 12.21 bcz 17.16 cd25' 29.37 cdz 114.38 az




15.02 abc 27.25 c 316.21 cd
Dutch white clover 3.96 ab 24.13 cd 28.09 cd 155.26 ab
Ryegrass 6.18 abc 7.01 abc 13.19 be 267.36 be
Winter rye/hairy vetch 
mix
10.58 abc
5.44 abc 16.02 be 243.90 abc
Winter rye 10.74 be 8.22 abed 18.96 cd 224.66 abc
Soybean 11.70 be 23.30 bed 35.00 cd 169.90 ab
Forage radish (11 kg-ha'1) 0.55 a 2.09 ab 2.64 ab 260.40 be
Forage radish (28 kg-ha'1) 0.67 a 0.20 a 0.87 a 283.80 bed
Hairy vetch
6.49 abc 11.57
abed 18.06 c 204.58 abc
Control 34.97 c 67.67 d 102.64 d —
Significance * * * * * * * * * ***
zValues within a column indicated by the same letter are not significantly different
according to Tukey’s HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
** and *** indicate significant at P<0.01 and P<0.001, respectively.
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Table 2.6. 2012 Average weed and cover crop biomass measured 5 WAP Jul. 25 planting
and 6 WAP Aug. 8 planting (n==4).
Cover crop
Dry biomass (g-m‘ )
Weed species Cover cropGrass Broadleaf Total weed
: ,MMri ■ a* l ari mu
Alfalfa 27.78 bcz 240.28 d* 268.07 1.80 az
Crimson clover 33.52 c 156.91 bed 190.43 cde 37.26 ab
Crimson/Dutch white 
clover mix 41.75 c 167.66 bed 209.41 de 47.71 ab
Dutch White Clover 22.54 abc 197.89 cd 220.43 de 18.48 a
Ryegrass 32.44 be 137.83 abc 170.27 cd 68.45 ab
Winter rye/hairy vetch mix 18.72 abc 146.72 bed 165.44 cd 83.01 ab
Winter Rye 21.00 abc 190.01 bed 211.02 de 8.85 a
Soybean 18.28 abc 116.30 abc 134.58 cd 113.11 b
Forage radish (11 kg-ha') 3.85 ab 20.57 a 24.42 ab 280.50 c
Forage radish (28 kg-ha'1) 0.43 a 9.36 a 9.79 a 295.15 c
Hairy vetch 15.81 abc 93.18 ab 108.99 be 119.50 b
Control 42.86 c 182.17 bed 225.03 de —
Significance *** ***
Alfalfa 10.78 c^ 185.78 b25' 196.56 bz 4.42 a25'
Crimson clover 16.20 c 113.40 ab 129.60 b 103.54 bed
Crimson/Dutch white 
clover mix 6.19 abc 137.69 ab 143.88 b 101.47 cd
Dutch white clover 14.30 c 187.49 b 201.79 b 35.47 abc
Ryegrass 6.13 abc 114.82 ab 120.95 ab 171.29 ef
Winter rye/hairy vetch mix 6.53 abc 143.85 ab 150.38 b 127.56 de
Winter rye 9.52 be 161.98 b 171.50b 10.59 a
Soybean 16.21 c 171.82 b 188.03 b 33.36 ab
Forage radish (11 kg-ha'1) 1.35 ab 20.60 a 21.66 a 322.47 f
Forage radish (28 kg-ha'1) 0.79 a 5.65 a 6.44 a 333.52 f
Hairy vetch 4.34 abc 110.62 ab 114.96 ab 138.37 de
Control 10.27 c 185.16 b 195.44 b —
Significance *** *** *** ***
zValues within a column indicated by the same letter are not significantly different
according to Tukey’s HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
*** indicates significant at P<0.001.
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able 2 .1. 2011 Average weed and cover crop densities counted three WAP (n=4).
Cover crop
Density counts (no. plants per m2)
Weed species Cover cropGrass Broadleaf Total weed
Alfalfa 140 bcz 60y 200 abz 598 dez
Crimson clover 96 ab 62 158 ab 459 cd





Dutch white clover 177 be 76 253 be 726 de
Ryegrass 159 be 61 220 abc 1275 f
Winter rye/hairy vetch mix 125 abc 58 183 ab 350 c
Winter rye 131 be 76 207 abc 178 b
Soybean 177 be 70 247 be 141 b
Forage radish (11 kg-ha'1) 110 abc 55 165 ab 67 a
Forage radish (28 kg-ha'1) 57 a 39 96 a 168 b
Hairy vetch 164 be 90 254 be 303 c
Control 239 c 95 334 c 0
Significance *** NS *** ***
Alfalfa 35 b^ 62 az 97 ab25' 551 dz
Crimson clover 8 a 47 ab 55 ab 585 d
Crimson/Dutch white clover 
mix
11 ab
29 ab 41 a
107 e
Dutch white clover 17 ab 53 ab 70 ab 949 e
Ryegrass 33 ab 67 ab 100 ab 893 e
Winter rye/hairy vetch mix 20 ab 43 ab 63 ab 371 c
Winter rye 30 ab 65 ab 95 ab 167 b
Soybean 28 b 79 ab 107 b 143 b
Forage radish (11 kg-ha') 13 ab 71 ab 84 ab 92 a
Forage radish (28 kg-ha") 15 ab 53 ab 68 ab 139 b
Hairy vetch 17 ab 63 ab 80 ab 274 c
Control 30 ab 100 b 131 b 0
Significance * * ** ***
zValues within a column indicated by the same letter are not significantly different
according to Tukey’s HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
NS, *, ** and *** indicate non-significant (P>0.05), significant at P<0.05, P<0.01 or 
P<0.001, respectively.
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Table 2.8. 2012 Average weed and cover crop densities counted four WAP (n=4).
Cover crop
Density counts (no. plants per m2)
Weed species Cover cropGrass Broadleaf Total weed
m L M V t m a m
Alfalfa 55 121 177y 34 abz




108 160 392 e
Dutch white clover 43 101 144 462 e
Ryegrass 18 81 99 363 e
Winter rye/hairy vetch 
mix
57
90 148 106 cd
Winter rye 54 98 152 16 a
Soybean 64 109 174 47 be
Forage radish (11 kg-ha') 29 100 129 32 ab
Forage radish (28 kg-ha') 17 45 62 67 be
Hairy vetch 57 119 176 116 cd
Control 54 95 150 0
Significance NS NS NS ***
. . . ; ...  ....
Alfalfa 27 abz 152 bz 179 b23' 28 abzy




115 ab 133 ab 484 d
Dutch white clover 17 ab 106 ab 131 ab 309 d
Ryegrass 17 ab 116 ab 133 ab 370 d
Winter rye/hairy vetch 
mix
12 ab
127 ab 139 ab 142 c
Winter rye 18 ab 145 b 163 ab 8 a
Soybean 49 b 180 b 229 b 6 a
Forage radish (11 kg-ha'1) 13 ab 126 ab 140 ab 48 b
Forage radish (28 kg-ha") 5 a 59 a 64 a 65 be
Hairy vetch 16 ab 116 ab 132 ab 132 c
Control 2 ab 173 b 193 b 0
Significance NS ** ***
zValues within a column indicated by the same letter are not significantly different
according to Tukey HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
NS, ** and *** indicate non-significant (P>0.05) and significant at P<0.01 and P<0.001, 
respectively.
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Jul. 29, 2011 planting Aug. 12, 2011 planting Jul. 25, 2012 planting Aug. 8, 2012 planting
Planting Date
Figure 2.1. Field weed composition characteristics by year and planting date
Soil Environmental Factors
Significant differences in light transmittance and soil temperatures were detected 
using one-way ANOVA, P<0.001, in all years and plantings (Tables 2.9&2.10). Light 
levels under leaf canopy and soil temperatures were consistently lowest in plots with 
forage radish in both years. Light transmittance was less than 1% through forage radish 
and crimson clover canopies in 2011, and less than 1% in forage radish and vetch plots in 
2012. Soil temperature averages were between 4°-6°C cooler under forage radish 
canopies versus the control plots. Highest light levels and warmest soil temperatures 
were found in control plots and those with alfalfa, winter rye and Dutch white clover. 
Significant differences in soil moisture between cover crop treatments were found in the 
Jul. 25 planting in 2011 only (Tables 2.9&2.10). Highest soil moisture was found in 
forage radish seeded at 28 kg-ha'1, and lowest soil moisture in crimson clover and 
soybean.
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Table 2.9. 2011 Soil temperature, light transmittance to soil surface and soil moisture in 












Alfalfa 20.9 bcdz 4.0 abcz 15.7
Crimson clover 19.5 a 0.5 a 15.4
Crimson/Dutch white clover mix 19.5 a 0.8 a 16.1
Dutch white clover 21.7 d 7.2 be 14.9
Ryegrass 20.1 abc 1.5 ab 12.9
Winter rye/hairy vetch mix 20.1 abc 2.0 abc 14.7
Winter rye 21.1 cd 3.8 abc 15.2
Soybean 20.2 abc 1.9 ab 9.7
Forage radish (11 kg-ha"1) 19.6 a 0.7 a 15.9
Forage radish (28 kg-ha"1) 19.8 ab 0.8 a 13.6
Hairy vetch 19.8 abc 0.9 a 17.0
Control 23.6 e 21.1 c 14.5
Significance *** *** NS
Alfalfa 22.7 e f 5' 5.8 dz 20.7
Crimson clover 20.8 abc 0.4 a 21.0
Crimson/Dutch white clover mix 20.6 ab 0.4 a 22.3
Dutch white clover 21.8 bcde 2.5 cd 20.0
Ryegrass 21.8 cde 2.3 bed 19.9
Winter rye/hairy vetch mix 21.2 abc 1.0 abc 21.8
Winter rye 22.4 def 3.1 cd 20.2
Soybean 22.4 def 3.6 cd 18.1
Forage radish (11 kg-ha"1) 20.6 ab 0.9 abc 20.2
Forage radish (28 kg-ha"1) 20.4 a 0.4 ab 20.9
Hairy vetch 21.3 bed 1.2 abed 21.6
Control 26.3 f 54.9 e 16.8
Significance *** *** NS
zValues within a column indicated by the same letter are not significantly different
according to Tukey HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
NS and *** indicate non significant (P>0.05) and significant at P<0.001, respectively.
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Table 2.10. 2012 Soil temperature, light transmittance to soil surface and soil moisture in 











Alfalfa 19.46 d25' 12.11 dz 9.85 abz
Crimson clover 18.66 bed 5.69 cd 7.72 a
Crimson/Dutch white clover mix 18.55 bed 2.78 be 7.41 a
Dutch white clover 19.39 d 9.52 cd 11.36 ab
Ryegrass 18.46 bed 4.28 cd 9.40 ab
Winter rye/hairy vetch mix 17.05 abc 0.83 ab 10.81 ab
Winter Rye 19.50 d 8.08 cd 9.45 ab
Soybean 18.84 cd 10.17 cd 6.36 a
Forage radish (11 kg-ha'1) 16.50 a 0.54 a 10.15 ab
Forage radish (28 kg-ha') 16.41 a 0.51 a 15.31 b
Hairy vetch 16.59 ab 0.64 a 11.16 ab
Control 20.27 d 13.89 d 8.81 ab
Significance *** *** **
Alfalfa 20.39 cdez 29.29 e f 7.64
Crimson clover 19.24 abede 15.63 def 7.05
Crimson/Dutch white clover mix 19.09 abede 10.34 cde 7.56
Dutch white clover 19.91 bcde 17.13 def 7.51
Ryegrass 18.57 abed 4.79 bed 7.70
Winter rye/hairy vetch mix 17.87 abc 1.83 ab 11.81
Winter rye 20.81 de 45.20 f 8.34
Soybean 21.19 de 39.37 f 7.82
Forage radish (11 kg-ha'1) 17.15 ab 1.22 ab 10.14
Forage radish (28 kg-ha'1) 16.74 a 0.71 a 11.42
Hairy vetch 17.84 abc 2.55 abc 11.35
Control 21.79 e 33.13 ef 7.85
Significance *** *** **
Values within a column indicated by t le same letter are not significant y different
according to Tukey HSD test at P<0.05.
yHomogenous subsets in column using rank transformed data.
** and *** indicate significant at P<0.01 or PO.OOl, respectively.
Environmental Effects on Weed Communities
Overall cover crop biomass across all plots was significantly higher in 2011 
compared with 2012 (Tables 2.5&2.6), although the correlation between total weed
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biomass and cover crop biomass was higher in 2012 versus 2011 (Table 2.11). In 2012
variation in cover crop biomass accounted for 75% of variation in weed biomass, versus
only 43% in 2011 (Table 2.11). Cover crops producing the most biomass were correlated
with highest LAI, shading the understory and reducing weed biomass.
Table 2.11. Pearson correlation R2 values between cover crop characteristics and total 







m i 2012 2011 2012 2011 2012
Total weed biomass — — 0.429 0.746 0.152 0.119
Cover crop biomass 0.429 0.746 — — 0.215 0.262
LAI 0.152 0.119 0.213 0.262 — —
Significant correlations were found between soil temperature and light 
transmittance in both years; higher light levels at the soil surface were associated with 
soil warming (Tables 2.12&2.13). Light transmittance accounted for 63% and 42% of 
variation in soil temperature in 2011 and 2012, respectively. Significant correlations 
(PO.OOl) between soil moisture and light level were also found; light transmittance was 
associated with approximately 10% and 26% of variation in soil moisture in both 
plantings in 2011 and 2012, respectively (Tables 2.12&2.13).
The overall model predicting total weed biomass from soil temperature, light 
transmittance and soil moisture was significant in both years, PO.OOl. These soil factors 
accounted for 14% and 33% of variation in total weed biomass in 2011 and 2012, 
respectively (Tables 2.12&2.13).
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Table 2.12. Pearson correlation R2 values between soil temperature, light transmittance to 










2811 2012 2011 2012 2011 2012 2011 2012
Total weed 
biomass — — 0.097 0.249 0.143 0.262 0.015 0.034
Soil temperature 0.097 0.249 — — 0.632 0.421 0.002 0.203
Light
transmittance 0.143 0.262 0.632 0.421 — — 0.098 0.265
Soil moisture 0.015 0.034 0.002 0.203 0.098 0.265 — —
Table 2.13. Significance of correlations between soil temperature, light transmittance to











m i 2012 2011 2012 2011 2012 2011 2012
Total weed biomass — — *** *** *** *** NS *
Soil temperature *** *** — — *** *** NS ***
Light transmittance *** *** *** *** — — *** ***
Soil moisture NS * NS *** *** — —
sTS, * and *** indicate non significant (P>0.05) and signilleant at P<0.05 and P<().001,
respectively.
Responses of plot weed species composition differed at field sites used in 2011 
and 2012 (Figures 2.2&2.3). NMDS ordination results from 2011 show higher 
correlation between soil temperature and axis 1 (R2=0.206) and cover crop biomass and 
axis 2 (R2=0.320), accounting for 76.5% of variation in weed species communities in 
plots (Table 2.14&2.15). Correlations between soil environmental factors and ordination 
axes were low in 2012. Cover crop biomass was correlated with axis 1, R2=0.523, with 
axis 1 explaining 61% of variation in weed community. Neither soil temperature, light 











Figure 2.2. Ordination plot using 2011 cover crop plot species composition with cover 
crop biomass and soil environmental factor overlay. Minimum stress of model with 3 
axes= 12.039, P=0.008.
Cover crop treatments coded: l=control (no cover crop), 2=alfalfa, 3=crimson clover, 
4=crimson/Dutch white clover mix, 5=Dutch white clover, 6=ryegrass, 7=hairy 
vetch/winter rye mix, 8=winter rye, 9=soybean, 10=forage radish (11 kg-ha'1), 11=(28 
kg-ha'1) and 12=hairy vetch
2012CCNMDS
cc
ccao L A I Ligr^ Temp
A 12
Axis 1
Figure 2.3. Ordination plot using 2012 cover crop plot species composition with cover 
crop biomass and soil environmental factor overlay. Minimum stress of model with three 
axes=l 1.693, P=0.0040.
Cover crop treatments coded: l=control (no cover crop), 2=alfalfa, 3=crimson clover, 
4=crimson/Dutch white clover mix, 5=Dutch white clover, 6=ryegrass, 7=hairy 
vetch/winter rye mix, 8=winter rye, 9=soybean, 10=forage radish (11 kg-ha'1), 11 =(28 
kg-ha'1) and 12=hairy vetch
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Table 2.14. Pearson coefficient correlations (increment and cumulative R2) values of axes 
against weed species communities.____________ ______________________________
Axis 20 11 2C>12bxxinmsnt R* Cumulative R2 Increment R2 Cumulative R2
1 0.576 0.576 0.614 0.614
2 0.189 0.765 0.185 0.799
3 0.125 0.890 0.099 0.897
Table 2.15. Pearson coefficient correlations (R2) between NMDS ordination axes and 
coyer crop weed communities.______________________________ _______________
Environmental factor Axis 1 Axis 2 Axis 3
2011 2012 2011 2012 2011 2012
Soil temperature 0.206 0.331 0.000 0.000 0.019 0.038
Soil moisture 0.110 0.153 0.206 0.005 0.037 0.003
Light transmittance 0.056 0.220 0.026 0.001 0.005 0.020
LAI 0.171 0.347 0.025 0.002 0.004 0.052
Cover crop biomass 0.035 0.523 0.320 0.000 0.009 0.025
Discussion
In order to successfully smother weeds, a cover crop must germinate and establish 
quickly, producing a dense leaf canopy to crowd plants growing in its understory. Seed 
germination and establishment was satisfactory in all treatments in 2011, although some 
cover crops did not produce complete leaf canopies until later in the season. The USD A 
Soil Conservation Service recommends soil coverage of 30% or greater for erosion 
prevention (Creamer et al., 1997). Visually-estimated ground cover was higher than 30% 
in forage radish, crimson clover, the clover mix and the winter rye/hairy vetch mix. 
Soybean and winter rye stands were poor in 2012 due to pressure from avian pests at 
seeding. Ground cover was consistently lower than 30% in alfalfa plots. Overall cover 
crop biomass was higher in 2011 in all plots except for forage radish. Forage radish, 
although planted at the lowest seeding rate of all treatments, produced the most 
aboveground biomass in the study.
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Forage radish was the most effective cover crop at smothering weeds. Radishes 
planted at both seeding rates greatly reduced weed biomass compared to the weedy 
control. Similar weed biomass measurements in both seeding densities of forage radish 
suggest that there may not be a benefit to more than doubling the recommended seeding 
rate of 11 kg-ha*1 to 28 kg-ha'1. More specifically, forage radish was most effective at 
controlling crabgrass and purslane, the most problematic weeds in 2011 and 2012, 
respectively. Forage radish established quickly and formed a dense leaf canopy with high 
LAI, reducing light transmission to the soil surface. Other studies have observed 
germination of forage radish seeds in two to four days, complete canopy closure in as 
little as four weeks and nearly complete suppression of winter annual weeds such as 
chickweed (Stellaria media L.) and shepherd’s purse (Capsella bursa-pastoris L.) 
(Kruidhof et al., 2008; Lawley et al., 2011).
Of the three soil environmental factors measured—light transmission, soil 
temperature and moisture—light accounted for the most variation in total weed biomass 
in the plots based on multivariate regression (Tables 2.11&2.12). Some weed species, 
including pigweed (Amaranthus spp.), lambsquarters (Chenopodium album L.) and 
barnyard grass (Echinochloa crus-galli L.) show reduced germination rates when 
deprived of light in the red spectrum under vegetative canopy (Boyd and Van Acker, 
2004; Taylorson and Borthwik, 1969). Chlorophyll in leaves absorbs red light from the 
sun, resulting in transmittance of light to the understory with a lower red Tar red ratio. 
Photoreceptors in the seed coats of these species will not respond when exposed to a low 
red:far red ratio and dormancy will be maintained, delaying germination. Weeds that did 
germinate under dense cover crop canopies appeared etiolated, producing less biomass
38
and were less likely to reach reproductive maturity. In forage radish, hairy vetch/winter 
rye and hairy vetch plots, light levels under the leaf canopy in the early fall consistently 
registered below 20 pmol-m's, the lower range of photosynthetic compensation points 
for shade tolerant plants (Teasdale and Mohler, 1993). Furthermore, lower light intensity 
at the soil surface was significantly correlated with cooler soil temperature and lower 
total weed biomass. Leaf canopy shading the soil surface also functions to narrow the 
range of minimum and maximum soil temperature fluctuations. Many weed species, 
such as Amaranthus spp. and Rumex spp. germinate at higher rates when exposed to 
fluctuating soil temperature (Benvenuti et al., 2001; Steckel et al., 2004). Temperature 
was found to be one of the most significant factors driving variation in the weed 
community abundance and richness in plots in 2011. Soil moisture was found to be a 
significant factor in predicting total weed biomass in 2012 only and was not shown to be 
a major contributor to variation in the weed community as shown by NMDS. The overall 
regression and NDMS models suggest that cover crop canopy has a large effect on weed 
growth, reducing light to the understory and soil surface, ultimately leading to lower soil 
temperature.
There did not appear to be an advantage to using cover crop mixtures in 
comparison with cover crop monocultures. Weed biomass was greater in mixtures 
compared to biomass within plots of the species grown alone. For example, in the winter 
rye/hairy vetch plots, there was more weed biomass than in plots of winter rye alone, 
however there was lower weed biomass than in plots with hairy vetch alone. This was 
the case in the clover plots as well—the mixtures had intermediate amounts of weeds 
compared to plots of the two types of clover alone. Weed biomass in the mixture was
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lower than those in the Dutch white clover plots, yet higher than those in the crimson 
clover plots. This data suggests that for the purpose of weed control there is no benefit to 
using cover crop mixtures. However, other benefits of cover crop biodiversity, including 
those related to soil nutrient, flora and fauna dynamics, were not accounted for in this 
study. In situations where marginally winter-hardy cover crops are included with those 
that are known to be winter-hardy, the latter can serve as nurse crops and potentially lead 
to increased winter survival of others in the mixture (Creamer et al., 1997). This was not 
observed in the clover mix plots. Crimson clover survival was greater in the pure-seeded 
plots compared with the plots with both species of clover, as demonstrated by dry 
biomass samples taken in spring 2012. Crimson clover is considered to be marginally 
hardy in southeastern New Hampshire (our growing region). One benefit to the mixtures 
compared with the monoculture treatments was that the mixtures achieved greater ground 
coverage within three weeks after seeding, due to heavy seeding rates. In a study of 
cover crop polycultures, Creamer et al. (1997) found that hairy vetch, winter rye, crimson 
clover and alfalfa were the top performers in a trial that also included alfalfa, soybeans 
and other legumes and grains. These crops established quickly, overwintered, were most 
competitive in mixtures and were effectively killed using machinery.
Forage radish and crimson clover were found to be most successful at suppressing 
weeds in the fall when planted in late summer. These crops are seldom used in New 
England and have the potential to be useful for weed control late in the season after 
economic crops have been harvested. Poor germination of the winter rye did not allow 
for accurate comparison with the other cover crops in 2012, but there were fewer weeds 
in radish and crimson clover plots than winter rye in 2011. Although the major benefit of
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winter rye over these other two crops is that it may be planted later in the season, forage 
radish and crimson clover have the potential to be very useful in cropping systems in 
New England where weed control without herbicides or repeated tillage is desired. Weed 
suppression in the fall has the potential to reduce contribution to the weed seed bank in 
the soil, and thus lessening weed pressure in the following season.
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CHAPTER III
QUANTIFYING CONTRIBUTIONS OF COVER CROP RESIDUES TO A 
SUBSEQUENT CROP AND EFFECTS ON UNDERLYING WEED
COMMUNITIES
Introduction
A diverse cropping system with rotations alternating between plant families and 
functional groups demonstrate many potential benefits compared with monoculture 
systems. Increased crop yields in rotation versus monoculture is known as the “rotation 
effect” with possible causes identified as improved crop resource use efficiency, 
promotion of soil microbial communities, interruption of pest and disease cycles, weed 
suppression, and improvement of soil quality (Altieri, 1999; Anderson, 201 la; Anderson, 
2012; Crookston, 2012). Better understanding of the relationships between plant, soil 
and microbes can result in reduced need for pesticides, herbicides, fertilizer, labor and 
other inputs. Use of cover crops between economic crops provides opportunities for 
diversification of rotations.
Synergism between legume and grain crops has been demonstrated in many 
studies (Anderson, 2012; Crookston; 2012; Deguchi et al., 2007; Ofori, 1987). Nitrogen 
is contributed to the soil when residues of members of the Fabaceae family are 
incorporated into the soil due to the symbiotic relationship between these plants and 
nitrogen-fixing bacteria. Nitrogen fertilizer credits are gained from these residues, 
reducing nutrient inputs from other sources. Improved water use efficiency has been 
demonstrated when wheat is rotated with a legume compared with other grain crops
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(Anderson, 201 la). Ability of legumes to interrupt root disease cycles for the 
improvement of root health is hypothesized as one cause of this effect.
Increased crop growth and health in a diversified crop rotation favors competition 
between crops and weeds. Anderson (201 lb) found that com tolerance to weeds was 
greater following a legume crop versus com. Com grown in weedy conditions gave 
higher yields in a rotation with legumes. This effect may be particularly useful in organic 
systems where synthetic herbicides are prohibited. Kumar et al. (2004) suggest that 
legume residues can trigger gene expression in response to compounds and microbes in 
the soil, increasing photosynthetic rates, tolerance to disease and overall growth. 
Microbial communities develop uniquely to plant populations and residues from previous 
crops can impact these soil fauna in the subsequent season. Soil bacteria and fungi affect 
not only the growth of a crop, but also the weed community dynamics and may play a 
role in determining which species are more successful establishing in disturbed soil 
(Klironomos, 2002). It is suggested that plant-soil feedback extends beyond resource 
competition between plants and that these soil fauna can determine which plants in an 
agroecosystem are more successful (Kulmatiski et al., 2006). These interactions are not 
well understood, but may provide insight into the “rotation effect” on crop and weed 
growth. Residues of legumes appear to alter the soil environment in ways that favor 
growth of the subsequent crop.
Cover crops in the Brassicaceae family have also been shown to be effective at 
capturing soil nutrients and increasing future crop yields. Brassica roots have been 
shown to be more effective at capturing soil nitrogen and phosphorus, especially in 
deeper soil layers, than winter rye (Secale cereale L.), the most commonly used cover
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crop in New England (Dean and Weil, 2009; White and Weil, 2011). Ability of these 
crops, such as forage radish (Raphanus sativus L. var. longipinnatus), to establish quickly 
and grow deep taproots allows for sequestration of N deep in the soil, preventing leaching 
of nutrients from previous fertilizer applications in the season. Dean and Weil (2009) 
found that forage radish roots captured >300% more N and shoots captured 46% more N 
than winter rye in the fall due to greater root and shoot biomass and root depth. Where 
soil is left fallow at the end of the season, soil nitrate is actively lost due to leaching and 
other processes. This nitrogen stored in cover crop tissues is released when residues 
decompose in the soil the following season. Subsequent crops in the rotation benefit 
from these stored nutrient reserves when timing of release is matched with crop uptake.
In a study comparing com silage yields following forage radish, winter rye or fallow 
treatments, yields were higher in plots where forage radish had been grown (White and 
Weil, 2010). Several studies have demonstrated suppression of nematodes and soilbome 
plant pathogens by forage radish and other Brassica cover crops (Ratnadass, 2011).
The purpose of this study was to quantify the carryover effects of incorporated 
residues from twelve cover crop treatments planted in the late summer on growth of 
sorghum-sudangrass {Sorghum bicolor (L.) Moench x Sorghum Sudanese (P.) Stapf ‘Pro- 
Max™’) and field weed communities the following season. Yield and health of this test 
crop was assessed quantitatively and visually for evidence of plant-soil interactions. 
Valuable insights into the effects of these cover crops were gained from observations of 
sorghum-sudangrass as a phytometer and subsequent weed growth. Such observations 





This experiment was conducted at the UNH Woodman Farm in Durham, NH at 
the site of a previous cover crop experiment as described in Chapter II. Briefly, the 
following cover crop treatments were established in 9.3 m2 cover crop plots at two 
planting dates in summer 2011: alfalfa (Medicago sativa L. ‘Vernal’), crimson clover 
{Trifolium incarnatum L.), Dutch white clover {Trifolium repens L.), annual ryegrass 
{Lolium multiflorum Lam.), winter rye, soybean [Glycine max (L.) Merr. ‘Viking 
0.2265’], forage radish, hairy vetch {Vicia villosa Roth.), crimson and Dutch white 
clover mix, winter rye and hairy vetch mix and an unseeded fallow control. The field 
received liquid dairy manure in early June prior to planting at a rate of 74,800 L ha'1, 
contributing approximately 122 kg N-ha'1, 123 kg P2 0 5 -ha' 1 and 198 kg-ha'1 K2 O. 
Following manure application, the field was left fallow and periodically cultivated until 
cover crop planting in late July. Cover crop treatments were seeded at the following 
rates:
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Table 3.1. Seeding rates of cover crops planted in late summer 2011.
Cover Crop Seeding Rate (kg-ha'1)
Alfalfa 22
Crimson clover 45
Crimson/Dutch white clover mix Crimson: 45
Dutch: 22
Dutch white clover 22
Annual ryegrass 45








Four replicates per treatment were arranged in a randomized complete block design 
within planting date (July 29 and August 12, 2011).
2012 Spring Cover Crop and Weed Biomass
Weed and cover crop biomass were sampled and weighed in late May 2012 prior 
to tillage. Biomass was cut to ground level within two 0.25 m2 quadrats per plot, sorted 
to species level and dried for a minimum of 14 days at 49°C prior to weighing. Samples 
were weighed to 0.0 lg.
2012 Sorghum-Sudangrass Establishment
All overwintered cover crop residues were incorporated first using a moldboard 
plow and then a disc harrow in early June 2012. No soil amendments were added in 
2012. The seedbed was prepared using a field cultivator and was subsequently seeded on 
June 14 with ‘Pro-Max™’ sorghum-sudangrass, our test crop, using a grain drill at a rate 
of 56 kg-ha'1. Prior to plowing a grid was created to measure distance from edge of field
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to the center of each cover crop plot planted in 2011 to locate plot locations for 
subsequent test crop and weed assessment.
2012 Sorgfium-Sudangrass Yield. Health and Weed Community Assessment
Biomass sampling was used to measure yield of the test crop and weed 
community abundance and composition. Biomass was cut at ground level and harvested 
from one 0.25 m2 quadrat at the location of previous cover crop plot centers on July 23, 
five WAP sorghum-sudangrass. Samples were separated by crop and weeds to measure 
sorghum-sudangrass yield and total weed biomass. Biomass was stored at 49°C for a 
minimum of 14 days prior to weighing to O.lg.
A SPAD 502 Plus chlorophyll meter (Konica Minolta, Minolta, Japan) was used 
to measure chlorophyll content of sorghum-sudangrass leaves growing around the 
perimeter of the harvested plot center five WAP to make inferences about tissue N. Five 
leaves were measured from each plot using a modified protocol for SPAD readings in 
com (Piekielek et al., 2008). Readings were taken from the newest fully mature leaf 
from each plant, between leaf margin to central vein, three quarters of the length of the 
leaf from base to tip.
Aerial photographs were taken using a remote controlled drone fitted with a 
camera six WAP. We compared visual test crop health by leaf color with locations of 
cover crop plots in the field the previous year.
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2012 Forage Radish Sampling
Forage radishes seeded on Jul. 25 and Aug. 8, 2012 were sampled 10 and 12 
WAP to measure yield and amount of N sequestered in the roots for further insight into 
effects of seeding density on root growth and nutrient uptake. Radish roots were 
removed from two 0.25 m2 quadrats in each plot. Roots were stored at 4°C, tops 
removed, washed and cut to remove ends of roots less than 4 mm in diameter, and 
weighed to obtain fresh biomass. Lengths of roots and diameter at exact center of root 
length were measured.
Root tissue from four radishes per quadrat of each radish plot were dried at 69°C 
for one week, washed in 0.2N HC1 and ground in a Wiley mill (Thomas Scientific®, 
Swedesboro, NJ) to 20 mesh. Samples were tested for percent total N using combustion 
and Elementar Vario Max N/C Analyzer (Elementar, Hanau, Germany).
Statistical Analysis
One-way Analysis of Variance (ANOVA) was used to detect differences between 
cover crop treatments (a=0.05). Preliminary data screening was conducted to verify 
normality of distribution and homogeneity of variance. Tukey’s honestly significant 
difference test (HSD) with P<0.05 was used for post hoc analysis of treatment means. 
Student’s t test was used to compare means of root measurements between the two 
planting dates of forage radishes. When log or other arithmetic transformations failed to 
normalize distribution or improve homoscedasticity, rank transformation was used and 
data were analyzed with ANOVA, as recommended by Conover and Iman (1981). 
Averages presented in the following tables are not transformed. Homogenous subsets
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detected by Tukey’s HSD are presented according to results from ANOVA using original 
or log transformed data when assumptions for ANOVA were met; subsets from rank 
transformed data are presented when data were ranked. Symbols in tables indicate where 
data necessitated ranked transformation. ANOVA results using untransformed data are 
presented in Appendix I for these data where ranked results are presented in this chapter. 
ANOVA was conducted using SPSS® (version 20, IBM®, Armonk, NY) software.
The effects of the cover crop treatments on weed community composition and 
abundance measured in spring 2012 (prior to incorporation of cover crop residues) were 
analyzed using Nonmetric Multidimensional Scaling (NMDS), Multi-response 
Permutation Procedures (MRPP; Mielke and Berry, 2001) and Indicator Species Analysis 
(ISA; Dufresne and Legendre, 1997) in PC-ORD (version 6.08, McCune and Mefford, 
2011). Data from both cover crop planting dates in 2011 were pooled for non-parametric 
analysis. Sorensen distance measures were used for NMDS and MRPP. Species present 
in less than 5% of plots were removed and data were log transformed prior to analysis 
(McCune and Grace, 2002). MRPP groups were defined by cover crop species, residue 
type (living versus dead) and legume versus non-legume species. Soybean, forage radish 
and control treatments were considered to be in the dead residue group; cover crops in the 
other treatments overwintered. P values for pairwise comparisons of group Sorensen 
distance averages generated by MRPP were adjusted using Bonferroni correction to limit 




Overwintered Cover Crop and Spring Weed Biomass
Average overwintered cover crop biomass was highest in plots from the Aug. 8 
planting versus the Jul. 29 planting in all treatments except for alfalfa and hairy 
vetch/winter rye mix. Soybean and forage radish were the only cover crops that did not 
overwinter (Figure 3.1; Table 3.2). Biomass of cover crops that overwintered following 
the early planting did not differ, with the exception of the crimson clover treatment, 
which was the only overwintered cover crop producing less than 200g dry biomassm'2. 
Annual ryegrass and crimson clover produced the most overwintered biomass in the Aug. 
8 planting (Table 3.2).
Grassy, broadleaf and total weed biomass measured in the spring differed among 
treatments for both planting dates (PO.OOl; Table 3.2). Cover crop treatment, presence 
of living versus winter-killed cover crop residues, and legume versus non-legume cover 
crop species were found to be significant contributors to differences between weed 
communities in the cover crop plots. In plots from the Jul. 29 planting, grassy weeds 
were most abundant in the crimson clover, forage radish and soybean plots. Grassy 
weeds were most abundant in the soybean, forage radish and control plots from the Aug.
8 planting. Grassy weed abundance was lowest or not present in the white clover, hairy 
vetch/winter rye, winter rye, alfalfa, clover mix and ryegrass. Broadleaf weeds were least 
abundant in the Dutch white clover, ryegrass and hairy vetch/winter rye plots and most 
abundant in soybean, forage radish (11 kg-ha’1) and the control treatments. Broadleaf 
weeds accounted for the highest portion of total weed biomass and subsequently total 
weed biomass was lowest in Dutch white clover and tyegrass in the Jul. 29 planting and
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in the ryegrass and hairy vetch/winter rye mixture in the Aug. 8 planting. Total weed 
biomass was highest in the controls, forage radish at 11 kg-ha'1 and soybean treatments in 
both plantings—treatments that did not have overwintered cover crop residues present in 
the spring. Common chickweed (Stellaria media L.), a winter annual, was the most 
abundant weed in these spring samples.
Figure 3.1. Photo of overwintered cover crop plots taken in May 2012. The plot in the 
foreground contains decomposing forage radish roots lying on the soil surface.
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Table 3.2. Cover crop and weed biomass sampled in May 2012 in cover crop plots prior
Cover crop
".............................. ............ ■ ------ ---------------------------------------------- ----- ——-■ .......
Dry biomass (g m ')
Weed species Cover cropGrass Broadleaf Total weed
Alfalfa 0.04 ab2* 4.69 abc2* 4.73 ab25' 287.01 b25'




2.72 ab 3.82 abc 249.89 b
Dutch white clover 0.00 a 0.70 a 0.70 a 294.13 b
Ryegrass 0.02 a 0.07 a 0.09 ab 348.67 b
Winter rye/hairy vetch 
mix
0.00 a
5.63 ab 5.63 ab 434.04 b
Winter rye 0.00 a 11.16 abc 11.16 abc 259.45 b
Soybean 1.56 c 13.38 abc 14.964 abc 0 a
Forage radish (11 
kg-ha1)
1.08 c
45.94 be 47.02 be 0 a
Forage radish (28 
kg-ha'1)
0.48 be
5.54 abc 6.02 abc 0 a
Hairy vetch 0.00 a 4.01 ab 4.01 ab 245.05 b
Control 3.46 be 111.44 c 114.90 c 0 a
Significance *** *** * * *
Alfalfa 0.00 a25' 33. 55 de2* 33.55 de25' 246.21 ab23'




7.12 abed 7.12 abed 390.27 cde
Dutch white clover 0.00 a 4.96 abc 4.96 abc 313.77 be
Ryegrass 0.00 a 1.46 a 1.46 a 571.06 e
Winter rye/hairy vetch 
mix 0.00 a 0.32 a 0.32 a 410.69 cde
Winter rye 0.00 a 11.37 abed 11.37 abed 415.93 cde
Soybean 0.02 ab 81.70 e 81.73 e 0 a
Forage radish (11 
kg-ha'1) 0.18 be 35.45 de 35.63 de 0 a
Forage radish (28 
kg-ha'1) 0.38 c 27.46 cde 27.84 cde 0 a
Hairy vetch 0.00 a 3.77 ab 3.77 ab 329.25 bed
Control 1.90 ab 181.26 e 181.45 e 0 a
Significance *** * * * ***
Values within a column indicated by the same letter are not significantly different 
according to Tukey HSD test, P>0.05. 
yHomogenous subsets in column using rank transformed data.
*** indicates significant at PO.OOl.
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Spring Weed Community Composition
NMDS ordination of the weed community data also revealed differences in weed 
community composition and abundance between the cover crop treatments (Figure 3.2). 
Differences in weed populations were partially driven by cover crop biomass; 
overwintered cover crop residue amount accounted for 49% of variation in weeds present 
in the spring. Presence of living versus dead cover crop residues was associated with 
greatest separation of groups of weed communities using MRPP (T = -18.484; Table 3.3). 
Parametric tests support these findings, revealing presence of a greater amount of weed 
biomass in plots where cover crops had not overwintered. Significant differences in 
weed abundance and species composition were also found between legume versus non­
legume treatments and between all cover crop species groups using MRPP (P<0.001).
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Figure 3.2. NMDS ordination plot 
for weed community data based 
on a three-dimensional model and 
Sorensen distances (minimum 
stress = 15.269). Increment r2 
values for axes 1, 2 and 3 were 
0.414, 0.257 and 0.155, 
respectively, with cumulative r2 
for all axes was 0.826.
Key:
Control
Crim son clover 
Clover mix
Ryegrass
Hairy vetch/winter rye mix
Winter rye
Soybean
Forage radish (11 kg-ha'1)
Forage radish (28 kg-ha'1)
Table 3.3. Multi-response Permutations Procedure (MRPP) results for spring cover crop 
treatment qualities contributing to variation and group membership of weed abundance 
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Table 3.4. Sorensen distance measures calculated using Multi-response Permutations 
Procedure (MRPP) for cover crop treatment groups and pairwise comparisons. 
Bonferroni adjustment was used and group distances were statistically different when 
p<0.00075 to maintain group-wise a<0.05.
Cover crop treatment Average Sorensen 
distance
Alfalfa 0.7534 abz
Crimson clover 0.5199 abc
Crimson/Dutch white clover mix 0.6484 bed
Dutch white clover 0.7342 abed
Ryegrass 0.8889 abed
Winter rye/hairy vetch mix 0.4721 bed
Winter rye 0.7056 abed
Soybean 0.5492 abed
Forage radish (11 kg-ha') 0.5261 abed
Forage radish (28 kg-ha'1) 0.4996 ac
Hairy vetch 0.4428 abed
Control 0.4848 a
Chance-corrected within-group agreement, A = 0.1169
Test statistic, T = -7.0289
P = 0.00000004
zMeans in column with the same letter are not statistically dif
P>0.00075.
ISA revealed that species causing the separations between cover crop treatment 
communities were indicative of plots without overwintered cover crop biomass—forage 
radish and the control (Table 3.5). Crabgrass (Digitaria spp.) and white clover were 
significant indicators of forage radish plots, with observed indicator values of 22.0 and 
21.4 in the 28 kg-ha'1 and 11 kg-ha'1 seeded plots, respectively (P<0.05). Presence of 
horseweed (Conyza canadensis L.) was associated with control plots where no cover crop 
was seeded the previous fall (ISA; P<0.05).
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Table 3.5. Significant indicator weed species in response to cover crop species treatments 
in spring 2012 (P<0.05).___________________________________________________






Conyza canadensis L. Control (no cover crop) 28.3 0.0108
Trifolium repens L. Forage radish (11 kg-ha'1) 21.4 0.0408
Digitaria sanguinalis L. Forage radish (28 kg-ha'1) 22.0 0.0116
Sorghum-Sudangrass and Weed Biomass
Significant differences in sorghum-sudangrass biomass were present in the Aug. 8 
planting only (Table 3.6). Sorghum-sudangrass yield was highest in plots where forage 
radish at both seeding rates and Dutch white clover had been planted the previous season. 
Sorghum-sudangrass biomass was lowest in ryegrass plots.
Trends in weed populations in plots differed in samples taken in summer versus 
spring 2012. Where weed biomass was highest in the spring, in the forage radish and 
soybean plots, biomass was lowest in the summer and where weed biomass was lowest in 
the spring, in the Dutch white clover and hairy vetch/winter rye plots, weed biomass was 
highest after sorghum-sudangrass was planted in the summer. Low weed biomass was 
also found in plots were ryegrass has been grown. Significant differences were detected 
in weed abundance in plots from the Jul. 29 planting only, P=0.002.
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Table 3.6. Summer sorghum-sudangrass and total weed biomass in previous cover crop
Dry biomass (g-m' )
Previous cover crop Total weed Sorghum-sudangrass— Pfpf ■
Alfalfa 41.9 abz 23.4 213.3 285.2 abz
Crimson Clover 48.0 ab 21.8 231.1 345.7 ab
Crimson/Dutch 
white clover mix 47.5 ab 32.8 252.0 346.7 ab
Dutch white clover 92.7 b 36.3 220.4 403.4 b
Annual ryegrass 21.2 a 28.6 240.8 176.4 a
Winter rye/hairy 
vetch mix 84.0 b 37.3 226.8 388.1 ab
Winter rye 34.9 ab 30.1 239.3 293.3 ab
Soybean 22.1 a 22.6 272.6 297.4 ab
Forage radish (11 38.7 ab 20.9 344.6 415.8 b
kg-ha'1)
Forage radish (28 
kg-ha"1)
19.4 a 19.1 279.7 436.6 b
Hairy vetch 73.0 ab 48.9 277.0 357.1 ab
Control 33.7 ab 28.7 248.8 341.7 ab
Significance ** NS NS *
zValues within a column indicated by the same letter are not significantly different 
according to Tukey HSD test, P>0.05.
NS, * and ** indicate non-significant (P>0.05), significant at P<0.05 and PO.Ol, 
respectively.
Sorghiim-Sudangrass Chlorophyll Levels
SPAD chlorophyll readings were significantly correlated with yield in both 
plantings, P<0.001 (Table 3.6&3.7). Chlorophyll content in sorghum-sudangrass leaves 
was higher where sorghum-sudangrass yield was greater, R =0.361, PO.OOl. SPAD 
chlorophyll readings in sorghum-sudangrass were not statistically significant in plots 
from the Jul. 29 planting, P=0.051, but were from the Aug. 8 planting, PO.OOl (Table
3.7). Chlorophyll levels were highest in the Aug. 8 planting in plots where Dutch white 
clover, hairy vetch/winter rye, hairy vetch and forage radish (28 kg-ha'1) had been grown
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the previous year. Sorghum-sudangrass leaves were chlorotic and had lowest SPAD 
readings in plots that had previously been planted to the ryegrass, winter rye and control 
treatments.
Table 3.7. SPAD chlorophyll readings from sorghum-sudangrass growing in previous
Previous cover crop SPAD chlorophyll reading
h h h h k
Alfalfa 34.77z 36.31 bede25'
Crimson Clover 33.36 33.32 abed
Crimson/Dutch white 
clover mix 33.47 38.19 cdef
Dutch white clover 35.53 42.17 ef
Annual ryegrass 27.89 26.95 a
Winter rye/hairy vetch mix 35.72 43.18 f
Winter rye 30.05 28.94 ab
Soybean 30.93 30.87 abc
Forage radish (11 kg-ha") 35.92 36.49 bede
Forage radish (28 kg-ha"1) 34.63 38.96 def
Hairy vetch 36.22 41.53 ef
Control 26.15 29.41 ab
Significance NS ***
zValues within a column indicated by the same letter are not significantly 
different according to Tukey HSD test, P>0.05. 
yHomogenous subsets in column using rank transformed data.
NS and *** indicate non significant (P>0.05) and significant at PO.OOl, 
respectively.
Aerial photography revealed visible differences in leaf chlorophyll content of the 
test crop. Plots where legumes and forage radish had been grown the previous year were 
noticeably darker green compared with plots where ryegrass, winter rye and the control 
treatment had been located in 2011 (Figure 3.3).
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Figure 3.3. Aerial photographs taken in early August 2012 of the field experiment planted 
to sorghum-sudangrass. Sorghum-sudangrass was planted across the site following 
incorporation of the following season’s cover crop residues. Plots with dark green 
growth indicate sudax with high chlorophyll and tissue N (Table 3.6). Direct overhead 
view of plots (area in blue) enlarged on right.
Cover crop treatments coded: A=alfalfa, C=crimson clover, C+D=crimson/Dutch white 
clover mix, D=Dutch white clover, G=ryegrass, M=hairy vetch/winter rye mix, R=winter 
rye, S=soybean, Tl=forage radish (11 kg-ha'1), T2=(28 kg-ha'1), V=hairy vetch and Z = 
control (no cover crop previously).
Forage Radish Root Yield and N Content
Forage radish root yield was higher in plots in fall 2011 in the Jul. 29 planting 
versus the Aug. 12 planting, and yield was greater at the 11 kg-ha'1 seeding rate (Table
3.8). Radish plant population, individual radish weight, length and diameter were not 
significantly different between seeding rates (P>0.05). Although radishes did not 
overwinter, roots were present and decomposing in plots in spring 2012 (Figure 3.1).
Nitrogen content in forage radish roots was measured in root samples collected 
from late summer 2012 plantings. These samples contained between 1.45% and 3.92% 
total N, with no significant difference between seeding densities. (Table 3.9). Planting 
date may have affected the total amount of N stored in forage radish roots in 2011. Root 
yield was higher when radishes were seeded earlier in the season and thus N 
contributions may be higher when planted earlier in the summer.
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Table 3.8. Forage radish root weight, length and diameter measurements taken in fall 
2011 from Jul. 29 and Aug. 12 plantings (n=4). Samples were collected 10 and 12 WAP 
for the Jul. 29 and Aug. 12 plantings, respectively. Student’s t test significance values 



































kg-ha'2 45.5 46.0 1.62 1.23 171.4 122.2 17.9 15.79 3.1 3.28
28
kg-ha'2 58.0 62.5 1.29 0.72 124.5 71.0 16.5 12.61 2.6 2.69
Sig. NS NS NS * NS NS NS NS NS NS
NS and * indicate non significant (P>0.05) and significant at P<0.05, respectively.
Table 3.9. Percent N stored in forage radish roots planted Jul. 29 and Aug. 12, 2012 and 
estimated root yields (n=4). Samples were collected 10 and 12 WAP for the Jul. 29 and 
Aug. 12 plantings, respectively. __________________ _________________
Seeding rate
% N Root yield (t-ha*1)
Jul. 29 Aug. 12 Jul. 29 Aug. 12
11 kg-m’2 2.29 2.78 106.5 59.2





seeding rate NS NS




Our findings suggest that cover crop species plays an important role in altering 
the weed seed bank, soil nutrient dynamics and crop health in the subsequent growing 
season. Late-season cover cropping following harvest of an economic crop is becoming a 
more widely adopted practice in New England. Yield response according to different 
plant families previously planted in the field demonstrates the “rotation effect” and the 
positive outcomes of diversification of cropping systems.
Amount of spring cover crop biomass measured in overwintered plots played an 
important role influencing trends in weed populations. Spring weed biomass was highest 
in the soybean, forage radish and control plots, where no living mulch was present in the 
spring. Weeds filled the niche in this gap between crops in the rotation. Kruidhof et al. 
(2008) found similar patterns in weed biomass patterns in plots of overwintered and 
winter-killed cover crop residues. Living residues in the spring compete with weeds for 
resources such as light, nutrients and water. Dead residues, especially those leaving the 
ground almost bare, allow weeds to occupy the space and utilize available resources. 
Crabgrass, the most problematic weed in the field in fall 2011, was identified as a 
significant indicator species of forage radish plots, able to quickly occupy these plots 
where dead residues were scarce. Weed abundance and diversity were most different 
between plots where cover crops overwintered or winter-killed.
Weed biomass in the summer following incorporation of these cover crop 
residues was lowest in plots where forage radish (28 kg-ha'1), ryegrass and soybean had 
been grown in Aug. 12 planting. Despite having the highest weed populations in the 
spring, it appears as though forage radish and soybean influence the weed seedbank or
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competition between crop and weeds during the main season. Consistently low weed 
abundance was observed in ryegrass plots the previous fall and in the following spring 
and summer. Tillage for weed control early in the season for cover crops that are winter 
killed may be necessary to prevent additions to the weed seedbank in the spring when 
living cover crops are not present to compete with the weeds.
While it was expected that legume cover crops would contribute more N in the 
soil the following year and would increase crop yields to a greater extent than non­
legume cover crops, we found that sorghum-sudangrass yield and plant tissue N was 
highest where forage radish preceded the crop in the rotation compared to all other cover 
crop treatments. White and Weil (2010) also found that com crop biomass at the 
vegetative stages was higher following forage radish versus winter rye, yet crop biomass 
in the rye plots was higher than in those that were fallow previously. Leaf chlorophyll 
readings, measured with a SPAD meter, have been shown to be significantly correlated 
with tissue N (Rashid et al., 2005). Plots with highest SPAD readings were where Dutch 
white clover, hairy vetch, hairy vetch/winter rye mix and forage radish at 28 kg-ha'1 had 
been planted previously.
Plots with incorporated ryegrass and winter rye residues had the lowest 
chlorophyll readings and sorghum-sudangrass yield. These cover crops overwintered and 
had reached the reproductive phase prior to tillage in the spring. C:N ratios of mature 
grain residues such as those incorporated in the spring in plots of these treatments are 
high. N immobilization in the soil and allelopathy may have caused poor sorghum- 
sudangrass growth in these plots (Barnes and Putnam, 1986; Kuo and Jellum, 2002). 
Chlorosis and poor growth is associated with nitrogen deficiency and allelopathy (Barnes
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and Putnam, 1986). Improved crop performance was observed when the Brassica and 
legume cover crops preceded the sorghum-sudangrass.
Although not a legume, forage radish roots are excellent scavengers of N found 
deep in the soil profile (Dean and Weil, 2009). No differences in sorghum-sudangrass 
yield or chlorophyll levels were found between seeding densities, although average weed 
biomass was twice as high in plots where forage radish had been seeded at 11 kg-ha'1 
versus 28 kg-ha'1. Root measurements and analyses from radishes seeded in late summer 
2012 indicate that there is little difference in radish root size between seeding densities; 
planting date had a greater effect on total root yield. We can hypothesize that total N 
contributions may be higher when radishes are planted earlier in the summer, based on 
root yields. Radish root yield was higher in the Jul. planting versus the Aug. planting and 
percent N in roots was not significantly different between planting date and seeding 
density treatments. Because there was no difference in yield or chlorophyll content of 
our test crop between seeding densities, we concluded that there is no benefit to the 
increased costs associated with seeding forage radish at rates higher than recommended.
Further research on the performance of forage radish in a mixture with other 
cover crop species is warranted. Cover cropping with a forage radish and winter rye 
mixture resulted in high soybean yields in the next season compared with previous cover 
crops of winter rye alone or fallow (Williams and Weil, 2004). A mixture of forage 
radish with an overwintering winter annual or perennial cover crop species may decrease 
weed populations in the spring while maintaining the benefits of soil nutrient capture 
from radish roots. Although phosphorus levels in the soil and crop tissues were not 
tested, this important plant nutrient may have contributed to the differences observed in
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the sorghum-sudangrass growth. White and Weil (2011) measured increased levels of P 
in soil surrounding holes left by forage radish roots that had decomposed in the spring. 
Radish taproots may be effective at capturing other nutrients not measured in this study, 
contributing to higher test crop yield.
Legumes and brassica cover crops increased sorghum-sudangrass’s ability to 
compete with weeds, improved overall crop health and yield. While not fully understood, 
positive outcomes from rotating legumes and Brassicas with grain crops has been 
demonstrated in many studies and has been attributed to soil nutrient dynamics, alteration 
of soil microbe communities, disruption of pest and disease cycles and influence on crop 
gene expression from soil chemical cues (Kumar et al., 2004; Anderson, 201 la,b and 
Ratnadass, 2011). Differences in weed communities in summer 2012 were also detected 
between cover crop treatments, indicating that the cover crop species influenced the weed 
seedbank from the previous season and may have influenced the interactions between 
weeds, soil microbes and the economic crop.
Weed suppressive effects from forage radish appeared to carry over from the fall 
to the main cropping season the following year. This suggests that forage radish may 
reduce the weed seedbank and present a useful management tool, especially in 
organically-managed systems where soil input choices are limited and a biological 
approach to weed control is desired. Further studies investigating mechanisms of N and 
other nutrient sequestration, nutrient release in relation to crop uptake and influences on 




EFFECTS OF INTERCROP PLANTING DATE AND SPECIES ON YIELD AND 
WEED COMPETITION IN ORGANICALLY-MANAGED SWEET CORN 
Introduction
Sweet com (Zea mays L. var. rugosa) is among the top three most widely grown 
vegetable commodities produced in New Hampshire (U.S. Department of Agriculture, 
2007) and is a staple at fanners markets and roadside stands. The high nutrient 
requirements of com often leave soil depleted at the end of the season. The development 
of effective practices for intercropping within sweet com by growing cover crops 
between rows of com may alleviate this problem by maintaining soil cover and 
contributing lost nutrients throughout the season while providing additional ecosystem 
services.
One of the most limiting factors to yield, especially in organically-managed 
systems, is weed control during establishment. Once the crop has reached adequate 
height to shade the soil, sweet com is better able to compete with weeds (Grubinger, and 
Minotti, 1990). Organic producers typically rely on cultivation as their primary method 
for weed control. Cultivation is labor intensive and has negative impacts on soil health 
(Smith et al., 2011). Use of cover crops before, during and after the main crop is one 
method used by producers to reduce competition from weed populations.
Properly managed cover crops have the ability to promote soil health by 
increasing organic matter content, improving soil structure, reducing compaction, 
promoting beneficial microorganisms, preventing erosion, replacing nitrogen and
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providing weed control (Gabriel and Quemada, 2011; Snapp et al., 2005). Producers are 
able to gain the benefits of cover crops while growing economic crops concurrently in the 
same field using intercropping systems. Many terms exist for and refer to systems in 
which two or more crops are grown together in the same field: intercropping, multiple 
cropping, companion planting, sequential seeding, relay cropping, living mulch, 
undersowing and overseeding. Factors such as choice of species, time of planting and 
growth habits of crops play large roles in yield outcome of the economic crop. Growers 
may be more likely to adopt these systems if yields were not compromised, allowing 
them to keep land in production and use cover crops at the same time. Additional 
benefits of growing two or more crops in the same field (polyculture) compared with 
monoculture may arise from the creation of a more diverse agroecosystem, reducing pest 
and disease problems (Altieri, 1999; Ratnadass, 2011).
Winter rye (Secale cereale L.) is the most widely used late season cover crop in 
New England. Its cold tolerance allows for a dense ground cover from autumn until 
spring between crops in the rotation. Soil benefits from rye’s extensive fibrous root 
system and erosion prevention. Unlike many other cover crops, rye is able to tolerate 
heavy clay and acid soils with poor drainage (Sarrantonio, 1994). Rye possesses the 
unique ability to suppress weeds using allelopathy, synthesizing and releasing phytotoxic 
chemicals inhibiting weed germination and growth.
Dutch white clover (Trifolium repens L.), crimson clover (Trifolium incarnatum 
L.), hairy vetch ( Vicia villosa Roth.) and alfalfa (Medicago sativa L.) are overwintering 
legumes commonly chosen as green manures and cover crops for their ability to fix 
nitrogen. Dutch white clover is commonly used in both pasture and as a cover crop in
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New England and can contribute on average 100 kg-ha'1 of nitrogen to the soil. Hairy 
vetch fixes an average of 123 kg N-ha'1 (Sarrantonio, 1994). Alfalfa is widely cultivated 
as forage for dairy feed and is capable of producing up to 280 kg-ha'1 of nitrogen 
(Lindemann and Glover, 2003). While white clover has fibrous roots, alfalfa and hairy 
vetch have taproot systems. A reliable system for establishing forage crops into row 
crops without compromising yield would be ideal for farms wishing to transition from 
com or other row crops into forage or pasture in the following season without tillage. 
Nitrogen from green manures can be adequate supplements to organic systems in which 
synthetic fertilizers are prohibited. Although not completely understood, it has been 
documented that crops grown in the presence of legumes have differential gene 
expression compared with those grown in monoculture. Increased rates of 
photosynthesis, nitrogen assimilation in plant tissues and tolerance to disease results in 
more robust crop growth (Kumar et ah, 2004).
Demand for organic products has increased in the double digits over the past 
decade. Total spending on organic food products has increased at a faster rate than 
conventional counterparts. The organic fruit and vegetable market represented the 
highest portion of this overall growth in 2009 (U.S. Department of Agriculture, 2009). 
The rise in consumer interest in locally grown organic fruits and vegetables creates the 
need for reliable low-input and sustainable production practices. Adequate weed and pest 
control combined with the high nitrogen requirements of sweet com make organic 
production a challenge. Research experiments testing intercropping systems in com in 
the past have typically taken place in high input conventional systems reliant upon 
herbicides and synthetic fertilizers for management of weeds and soil fertility.
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Intercropping may present a feasible solution to these challenges, and if managed 
correctly, could prevent adverse impact on yield.
Seeding date of intercrops between rows of an established economic crop greatly 
influences crop yields. Guldan et al. (1996) suggest that waiting to seed intercrops until 
closer to reproductive maturity of com prevents yield loss. While yield loss was reported 
when intercrops were seeded at planting and two weeks later by Jeranyama et al. (1998), 
Scott et al. (1987) report no yield loss when intercrops were seeded when com plants 
were only 15 cm in height. Weed density in com fields also plays a role in intercropping 
success. Fields with high weed emergence within intercropped rows can cause yield loss 
at earlier intercrop planting dates due to competition for nutrients, moisture, and other 
resources between intercrop species, weeds and com (Hall et a l, 1992).
The purpose of this experiment was to test the effects of intercrop planting date 
and species on sweet com growth and weed populations in an organically-managed 
system. We were interested in finding the earliest planting date (V2, V6 or R l) at which 
an intercrop (alfalfa, crimson clover, Dutch white clover, hairy vetch or winter rye) may 
be planted without reducing com yield. Com growth, yield and weed communities in the 
intercropped treatments were compared with a control treatment mimicking the more 





Site description. 2011 experiments were conducted at UNH Kingman Farm in 
Madbury, NH in a field of Charlton fine sandy loam at pH 6.4. Pre-season soil testing 
indicated very high levels of phosphorus (123 ppm), low levels of calcium (540 ppm) and 
potassium levels of 98 ppm. Liquid manure was applied to the field prior to seeding at a 
rate of 89,840 L ha'1 using an AerWay unit for direct soil application to provide 
approximately 122 kg N ha'1, 123 kg PaCVha'1 and 198 kg K20-ha‘', based on book 
values (Havlin et al., 1999). Soil was cultivated to incorporate manure immediately 
following manure application.
Sweet com establishment and management. ‘Montauk’ untreated sweet com was 
direct seeded on June 22, 2011 using an Earthway Precision Garden Seeder fitted with an 
18100 sweet com plate (Earthway Products, Inc., Bristol, IN). 12 x 94 m rows were 
planted at 76 cm row spacing leaving a spray lane in the center unplanted. Plants were 
thinned to achieve 30 cm spacing. Each plot contained five rows of com and was 
approximately 4.5 m by 6 m (27 m2). Plant population varied per plot due to inconsistent 
germination across the field. Plots were arranged in a randomized complete block design 
by intercrop planting date and species treatments and there were four replicates per 
treatment.
Com was sidedressed with Cheep-Cheep (4-3-3; North Country Organics, 
Bradford, VT) to provide 56 kg N-ha’1, 42 kg PaCVha'1 and 42 kg ^ O -h a '1 when com 
was at the V6 stage. Sidedress application rates were determined by use of a SPAD 502 
Plus chlorophyll meter (Konica Minolta, Minolta, Japan) and comparison of these
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readings to recommended N sidedressing rates (Piekielek et al., 2008; Rashid et al., 
2005). Com was cultivated four times using a finger tine cultivator, followed by hand 
cultivation within rows in all plots without seeded intercrops. The last hand cultivation 
was approximately seven weeks after planting (WAP), prior to seeding V6 and R1 
intercrops.
Intercrop planting date and species. ‘Vernal’ alfalfa, Dutch white clover and 
winter rye were used as intercrops. Control plots were cultivated and were not planted 
with intercrops. Intercrops were planted at three seeding dates according to growth stage 
of the com: V2 (early, 4 WAP), V6 (mid, 7 WAP) and R1 (late, 8 WAP). Seeding rates
were as follows:
Table 4.1. 2011 Intercrop seeding rates and approximate costs of seed per hectare based 
on prices from companies where seed was purchased for this experiment.____________
Intercrop Species Seeding Rate (kg-ha'1)
Cost of seed per 
ha Seed source and location
Control (no cover) 0 0 —
‘Vernal’ alfalfa 22 $25.74 Albert Lea Seed (MN)
Dutch white clover 11 $14.85 Albert Lea Seed (MN)
Winter rye 123 $9.96 Blue Seal (IA)
Seeds were broadcast by hand between rows of com at recommended seeding rates in the 
plots and were raked to cover. Plots were irrigated using overhead sprinklers to simulate 
approximately 3 cm rainfall immediately following intercrop seeding.
Data collection. Com height was measured weekly starting three weeks after 
planting (WAP). Height of eight plants per plot from center rows were measured from 
soil level to the top of the youngest unfurled leaf. Height was measured weekly starting 
five WAP. SPAD readings were taken in all plots when com was at V8 stage, six WAP. 
One reading per plant was taken three quarters down of the length of the leaf from base to
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leaf tip, approximately 2 cm inwards from the leaf margin according to protocol 
established by Piekielek et al. (2008). Com ears were harvested 11 WAP. Ten ears were 
picked from each plot and husks were removed for data collection. Lengths and weights 
of each ear were measured.
Weed and cover crop densities were measured in the plots three WAP each set of 
intercrops: seven, 10 and 11 WAP com for V2, V6 and R1 intercrop planting date 
treatments, respectively. Weed and cover crop biomass was collected at one time for all 
plantings, ten WAP com (three WAP V6, four WAP R1 and five WAP V2 intercrop 
treatments). A 0.25 m2 quadrat was used to take two density counts and two biomass 
samples per plot at each time of measurement. Quadrats were placed with one com plant 
in the center for sampling of weeds within and between rows. Samples were averaged to 
obtain a plot-level mean per plot. Biomass samples were sorted to genus or species level 
and were dried at 49°C for a minimum of one week and were weighed to 0. lg.
2012
Site description. The experiment was repeated in 2012 at UNH Woodman Farm 
in Durham, NH in a field of Charlton sandy loam. Current soil test results were not 
available although past records indicate very high levels of phosphorus. Liquid manure 
was applied to the field using the same equipment and at the same rate as in 2011.
Sweet com establishment and management. Com was transplanted in 2012 in an 
effort to improve germination and com populations relative to the 2011 experiment. 
‘Montauk’ untreated sweet com was seeded in 192-cell flats filled with Fort Vee potting 
medium containing compost (Vermont Compost Company, Montpelier, VT) in a
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greenhouse kept at 21°C on May 1,2012. Com seedlings were transplanted into the field
•j
on May 14 when at V2 stage, two WAP. Plots were approximately 2 m by 3 m (6 m ) 
and contained five rows 2 m long with the three center rows used for data collection. 
There were four replicates per treatment. Com was covered with row cover for ten days 
after transplanting to minimize damage from birds.
Intercrop planting date and species. Vernal’ alfalfa, crimson clover, Dutch white 
clover and hairy vetch were used for intercrop treatments and were seeded at double the 
recommended rate (Table 4.2). Hairy vetch seed was certified organic; all other intercrop 
seed was untreated. Winter rye was omitted from the experiment in 2012 due to its 
unsuitability for seeding at earlier planting dates. A control, in which no intercrops were 
seeded, was included in the experiment. Intercrops were planted at three planting dates in 
accordance to growth stage of com, as was done in 2011. V2 (early) intercrops were 
seeded on the same day as transplanting (two WAP com) and V6 and R1 intercropping 
treatments were seeded six and ten WAP com. Plots were kept weed-free by hand prior 
to intercrop seeding for all treatments. The following intercrop seeding rates were used 
in 2012:
Table 4.2. 2012 Intercrop seeding rates and approximate costs o f seed per hectare based 




(k g h a1)
Cost of seed 
per ha Seed source and location
Control (no 
cover) 0 0 —
‘Vernal’ alfalfa 45 $52.65 Albert Lea Seed Co. (MN)
Crimson clover 45 $190.35 Johnny’s Selected Seeds (ME)
Dutch white 
clover 45 $60.75
Johnny’s Selected Seeds 
(ME)
Hairy vetch2 90 $31.23 Johnny’s Selected Seeds (ME)
zOrganic seed used
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Data collection. The height of 15 com plants per plot were measured weekly 
starting at four WAP. Weed densities were counted three WAP intercrops in V2 planted 
plots on June 12 (seven WAP com), V6 plots on July 17(11 WAP com) and in R1 plots 
on Aug. 13(15 WAP com). Biomass samples were collected from all plots 15 WAP 
com. Methods for density and biomass protocols were the same as in 2011. SPAD 
readings were taken eight and 10 WAP on the youngest fully mature leaves from 15 
plants per plot. Com ears were harvested 14 WAP.
Soil moisture was measured 15 WAP com with a FieldScout TDR 300 soil 
moisture meter fitted with 3 cm rods (Spectrum Technologies, Inc., Aurora, IL). Four 
measurements were taken between rows of com and were averaged to obtain plot-level 
means.
Statistical Analysis
Parametric factorial analysis of variance (ANOVA) was used to determine 
significant effects of intercrop planting date and species and bivariate Pearson 
correlations were used to assess relationships between variables. Student’s t test was 
used to compare differences between com ear measurement means where only two 
intercrop planting date treatments produced marketable ears. Differences between 
treatments pooled by intercrop planting date and species were detected using Tukey’s 
HSD Test. When arithmetic transformation failed to yield data that satisfied assumptions 
of normality and homogeneity of variance, rank transformation was used (Conover and 
Iman, 1981). Untransformed data are presented in the figures and tables that follow. If 
rank transformation was used, letters indicating homogeneous subsets are based on Tukey
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multiple comparisons from ANOVA on ranked data. Statistical results from ANOVA on 
untransformed data are presented in Appendix I for data in which ranked Tukey results 
are presented here. Parametric tests were conducted using SPSS® (version 20, IBM®, 
Armonk, NY).
Permutation-based multiple analysis of variance (perMANOVA; Anderson, 2001) 
were used to detect significant differences in weed species communities. Log general 
transformation was applied to species abundance matrices from both 2011 and 2012 to 
improve normality prior to analysis. Rare species occurring in less than 5% of plots were 
removed from the matrices to improve detection of major gradients in species 
composition (McCune and Grace, 2002). P values for pairwise comparisons of group 
Sorensen distance averages generated by perMANOVA were adjusted using Bonferroni 
correction to minimize chance of Type I error and maintain overall P<0.05. Intercrop 
planting date and species groups were considered to be significantly different when 
P<0.017 and 0.008, respectively.
Indicator species analysis (ISA; Dufresne and Legendre, 1997) was used to 
determine which species were driving differences between treatments and were indicative 
of intercrop planting date and species. Indicator species were considered statistically 
significant at P<0.05. PerMANOVA and ISA using PC-ORD software (version 6.08, 
McCune and Mefford, 2011).
Results 
2011
Com vegetative growth. Due to sporadic and poor germination in 2011, total 
sweet com populations were not equal across plots and varied by as many as 95 plants
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between intercrop planting date and species treatments (Tables 4.3&4.4). The sums of 
plants across all plots per treatment were somewhat equally distributed by intercrop 
species, differing at most by ten plants. However, unpredictable germination resulted in 
greater differences between planting date treatments. Com stands were much denser in 
the V6 planted plots. The average number of com plants in these plots was 185, versus 
roughly equal numbers of plants in the V2 and R1 planted plots, 151 and 171, 
respectively. Although the differences in com plant populations between treatments was 
not statistically significant, these unintentional differences may have affected dynamics 
of competition between crop, weeds and intercrop across the treatments.
Sweet com SPAD (chlorophyll) readings across intercrop planting dates or 
species treatments were not significantly different at the V6 stage (P=0.418; Tables 
4.3&4.4). Plants were uniformly green across all plots. Significant differences in plant 
height were detected at the end of the season, although these were likely due to 
differences in com populations. Com in early intercropped plots were significantly taller 
than those in the other planting dates, however a significant correlation between 
population and height was detected using bivariate Pearson correlation, R=0.304 
(P=0.034). Few differences in com vegetative growth were observed across treatments.
75










height (cm) 11 
WAP
Early (V2)
Alfalfa 164 50.6 ±0.3 204.36 ± 2.75
Dutch white 
clover 162
49.6 ±0.1 204.30 ± 6.98
Winter rye 118 51.3 ±0.5 205.43 ± 5.04
Control 160 51.5 ±0.5 203.71 ± 7.58
Mid (V6)
Alfalfa 176 50.3 ± 1.1 197.08 ±4.97
Dutch white 
clover 213
51.3 ±0.6 196.26 ±3.78
Winter rye 188 50.9 ± 0.8 186.75 ±7.08
Control 164 50.4 ±0.4 185.88 ±4.56
Late (Rl)
Alfalfa 173 50.8 ± 1.1 195.41 ±8.53
Dutch white 
clover 170
51.1 ± 1.1 199.85 ± 3.38
Winter rye 168 51.6 ±1.7 191.59 ±9.36
Control 176 51.4 ±0.3 191.97 ±7.18
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Table 4.4. 2011 Com plant populations, com SPAD chlorophyll readings at six WAP (V8 
growth stage) and com final height measurements 11 WAP pooled by intercrop planting 
date (n=16) and species (n=12). Factorial ANOVA was used to detect differences 










height (cm)l 1 
WAP
. ....................
Early (V2) 686 50.74 204.45 b2
Mid (V6) 741 50.75 191.49 a
Late (Rl) 687 51.23 194.70 a
Significance N.S. N.S. *
Alfalfa 523 50.57 198.95
Dutch white clover 531 50.67 200.13
Winter rye 527 51.28 194.59
Control 533 51.10 193.85






zAverages with the same letter are not statistically different according to Tukey’s 
HSD test, P>0.05.
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Figure 4.1. 2011 Average com height from four through 11 WAP measured weekly 
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Figure 4.2. 2011 Average com height from four through 11 WAP measured weekly 
pooled by intercrop species. No significant differences were found between treatments.
Com yield. No significant differences in com ear measurements were detected in 
2011. Com ear lengths and weight were approximately equal across all intercrop 
planting dates and species treatments (Tables 4.5&4.6).
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Table 4.5. 2011 Com ear length and weight per intercrop seeding date and intercrop
Planting date Intercrop
Com ear measurement
Length (cm) Weight (g)
Early (V2)
Alfalfa 20.2 ± 0.2 269.4 ± 8.5
Dutch white 
clover
20.2 ±0.1 264.6 ± 11.9
Winter rye 20.1 ±0.1 271.9 ±9.3
Control 20.4 ± 0.2 283.3 ± 7.9
Mid (V6)
Alfalfa 20.3 ± 0.0 283.1 ±3.8
Dutch white 
clover
20.1 ±0.3 285.3 ± 6.0
Winter rye 20.3 ±0.1 273.7 ±7.8
Control 20.4 ±0.1 275.7 ± 6.8
Late (Rl)
Alfalfa 20.1 ±0.3 270.6 ± 9.4
Dutch white 
clover
20.5 ± 0.2 293.4 ± 11.8
Hairy vetch 20.5 ± 0.2 280.3 ± 14.0
Control 20.2 ± 0.2 285.1 ±9.3
Table 4.6. 2011 Com ear length and weight pooled by intercrop seeding date (n=T6) and 
intercrop species treatment (n=T2). Factorial ANOVA was used to detect differences 
between treatments and interaction effect.
Treatment Com ear length (cm)
Com ear weight (g per 
ear)
Pfwwriwfl ffrte
Early (V2) 20.20 272.30
Mid (V6) 20.31 279.44




Dutch white clover 20.32 281.12







N.S. indicates non significant (P>0.05).
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Weed and intercrop populations. Winter rye produced the most biomass of the 
intercrop species treatments at all planting dates (Tables 4.7&4.8). Establishment and 
density of intercrops planted at the latest planting date (Rl) was highest (Tables 
4.9&4.10). Densities of alfalfa and Dutch white clover were higher than winter rye, yet 
winter rye established quickly and produced the most biomass of all intercrop species.
Results of factorial parametric ANOVA and perMANOVA indicated that weed 
community composition and species abundance differed significantly between planting 
date treatments but did not differ between intercrop species treatments. There was 
significantly more weed biomass in early (V2) intercropped plots (Tables 4.7&4.8). 
Broadleaf weeds comprised a larger proportion of total weed biomass versus grass weed 
species in all treatments. There were significantly more broadleaf weeds in V2 
intercropped plots versus mid and late intercropped plots, yet higher biomass of broadleaf 
weeds were found in the V6 versus Rl intercropped plots. Trends in weed density data 
were similar to those found within the biomass data (Tables 4.9&4.10). The highest 
density of weeds was found in V2 intercropped plots and the number of broadleaf weed 
species was higher than grassy weed species.
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Table 4.7. 2011 Average dry weed and intercrop biomass between and within rows of 

























22.01 285.69 ± 28.56 32.19 ± 8.54
Control 3.29 ± 1.36
248.71 ± 
71.77 251.99 ±70.83 0.00 ± 0.00
Mid (V6)




0.25 ±0.15 11.84 ±3.09 12.09 ±3.18 3.10 ±0.47
Winter
rye 0.70 ± 0.40 11.93 ±4.99 12.63 ±4.85 21.55 ±3.03
Control
13.30 ± 
8.84 11.07 ±3.70 24.37 ± 12.42 0.00 ± 0.00
Late (Rl)




8.10 ±4.42 47.03 ± 15.93 55.13 ± 17.78 2.24 ± 1.52
Winter
rye 2.89 ± 0.60 6.94 ± 0.95 9.83 ± 1.19 4.30 ± 1.14
Control 7.59 ± 6.99 17.59 ±2.68 25.18 ±8.62 0.00 ± 0.00
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Table 4.8. 2011 Average dry weed and intercrop biomass between and within rows of 
com in all plots pooled by intercrop planting date (n=16) and species (n=12) treatment. 
Biomass was measured 15 WAP com. Factorial ANOVA was used to detect differences 






Early (V2) 25.55 b2* 233.83 c2* 259.38 b2* 9.94 b25'
Mid (V6) 3.86 a 10.33 a 14.19 a 7.41 b
Late (Rl) 4.99 ab 24.05 b 29.04 a 1.83 a
Significance ♦ *** ***
"Yiifrrifafi lipiiktfi
Alfalfa 9.00 92.51 101.51 4.22 c
Dutch white clover 12.90 85.86 98.76 2.00 b
Winter rye 15.92 86.80 102.71 19.35 d
Control 8.06 92.45 100.51 0.00 a
Significance N.S. N.S. N.S.
***
Significance of interaction 
(planting date* intercrop 
species)
N.S. N.S. N.S. ***
zMeans followed by the same letter are not statistically different according to Tukey’s 
HSD test, P>0.05.
yHomogeneous subsets in column using rank transformed data.
N.S., * and *** indicate non significant and significant at P<0.05 and PO.OOl, 
respectively.
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Table 4.9. 2011 Average weed and intercrop densities counted three WAP intercrops per




Weed species IntercropGrass Broadleaf Total
Early
(V2)






4.5 ± 2.9 463.0 ± 115.1 467.5 ± 116.0 262.0 ± 47.16
Winter rye 3.0 ± 1.0 369.0 ± 55.4 372.0 ± 55.9 108.0 ±9.49
Control 6.0 ±3.5 401.5 ± 118.8 407.5 ± 122.0 0.0 ± 0.00
Mid
(V6)




5.5 ± 1.0 170.5 ±38.4 176.0 ±38.1 343.0 ±38.3
Winter rye 1.5 ± 1.5 166.0 ±34.6 167.5 ±34.6 203.5 ±22.1
Control 2.0 ±0.8 203.0 ±31.8 205.0 ±31.7 0.0 ± 0.0
Late
(Rl)




8.5 ± 1.7 123.5 ± 19.4 132.0 ±8.8 171.5± 15.0
Winter rye 4.5 ± 2.6 119.0 ±6.6 123.5 ± 18.4 147.5 ± 20.2
Control 8.5 ±3.3 157.0 ± 12.8 157.0 ±8.8 0.0 ± 0.0
83
Table 4.10. 2011 Average weed and intercrop densities counted three WAP intercrops 
pooled by intercrop planting date (n=16) and species treatment (n=12). Factorial 
ANOVA was used to detect differences between treatments and interaction effect.




Early (V2) 4.6 ab2* 397.6 b2* 402.2 b25' 167.4 ab2*
Mid (V6) 7.0 b 175.5 a 175.5 a 117.0 a
Late (Rl) 2.6 a 149.4 a 149.4 a 215.9 b
Significance ♦ *** *** ***
Alfalfa 4.3 239.2 243.5 255.2 c
Dutch white 
clover
6.2 252.3 258.5 258.8 c
Winter rye 3.0 218.0 221.0 153.0 b
Control 5.5 253.8 258.5 0.00 a







N.S. N.S N.S ***
zMeans followed by the same letter are not statistically different according to Tukey’s 
HSD test, P>0.05.
yHomogeneous subsets in column using rank transformed data.
N.S., * and *** indicate non significant and significant at P<0.05 and PO.OOl, 
respectively.
PerMANOVA results indicated that weed diversity in Rl intercropped plots 
differed significantly from the V2 and V6 intercropped plots, but weed communities in 
the V2 and V6 plantings did not differ significantly from each other (Table 4.11). No 
significant differences in weed communities were detected between intercrop species 
treatments (P>0.008). Broadleaf weeds, mainly pigweed (Amaranthus spp.) and 
lambsquarters (Chenopodium album L.) contributed the most to total weed biomass in all
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plantings and were found to be significant indicator species of the V2 intercropped plots 
with highest observed indicator values (ISA; PO.OOl; Table 4.12, Figure 4.3). Stellaria 
media L. (chickweed), a winter annual emerging later in the season, was the only 
significant indicator species of the Rl intercropped plots. No significant indicator 
species were detected in the V6 intercropped plots or between intercrop species 
treatments (P>0.05).
Table 4.11. 2011 PerMANOVA results comparing effects of intercrop planting date and 
species treatments on weed community diversity and abundance. Significance values 
were set at P<0.017 and P<0.008 for multiple pairwise comparisons using Bonferroni 
correction.
Pairwise comparison P value
n n S 9 K
Early (V2) vs. Mid (V6) 0.021600
Early (V2) vs. Late (Rl) 0.000200*
Mid (V6) vs. Late (Rl) 0.000200*
Significance 0.000200
Alfalfa vs. Control 0.882200
Alfalfa vs. Dutch white clover 0.620200
Alfalfa vs. Winter rye 0.758600
Control vs. Dutch white clover 0.237000
Control vs. Winter rye 0.989600
Dutch white clover vs. Winter rye 0.632200
Significance 0.890400
Significance of interaction 
(planting date*intercrop species)
0.282200
* Indicates significant at P<0.017
Table 4.12. Significant indicator weed species in response to intercrop planting date 
treatments (P<0.05). No significant indicator species were found for the mid (V6) 
intercrop planting date or for any intercrop species treatments in 2011 (P>0.05).
Weed species Planting date Observed Indicator Value (IV) P value
Amaranthus retroflexus L. Early (V2) 51.5 0.0002
Capsella bursa-pastoris L. Early (V2) 41.5 0.0105
Chenopodium album L. Early (V2) 43.6 0.0002
Stellaria media L. Late (Rl) 45.2 0.0026
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Figure 4.3. Heavy pressure from broadleaf weeds (mainly lambsquarters and pigweed) 
between and within rows likely due to reduced cultivation in early intercropped 
treatments in 2011.
2012
Com vegetative growth. Quantitative assessment of sweet com vegetative growth 
and yield throughout the season in 2012 indicated that intercrop planting date affects crop 
performance more profoundly than the identity of the intercrop species. Com plants were 
approximately 20 cm shorter where intercrops had been seeded early at the V2 stage than 
where intercrops had been seeded later at the V6 and R1 stages (Tables 4.13&4.14). 
Height differences between planting date treatments were evident at approximately 8 
WAP (Figure 4.6), however no significant differences in final height were detected 
between intercrop species treatments (Figure 4.7).
SPAD readings taken at two time points during the season show lower 
chlorophyll levels following intercrop seeding (Tables 4.13&4.14, Figures 4.4&4.5). V2 
intercropped plots had the lowest chlorophyll readings at eight and 10 WAP (P<0.001).
At 10 WAP, V6 and R1 intercropped plots had significantly different chlorophyll levels
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f(P<0.001), with late seeded plots having the greenest plants. Intercrop species treatment 
had no significant effect on SPAD readings.
Table 4.13. 2012 Com SPAD chlorophyll readings measured 8 and 10 WAP and final 
com plant height measured at 12 WAP (mean±SE; n=4).________ _______________
Planting
date Intercrop
SPAD chlorophyll reading Final plant height 
measured 12 
WAP8 WAP 10 WAP
Early (V2)
Alfalfa 33.77 ±0.73 24.24 ± 0.68 126.79 ±3.76
Crimson clover 34.68 ± 0.60 27.69 ± 1.71 134.75 ±4.30
Dutch white 
clover
37.16± 1.31 30.62 ± 1.52 143.32 ±2.38
Hairy vetch 34.08 ± 0.58 29.09 ± 0.98 137.21 ±4.49
Control 35.36 ± 1.13 26.70 ± 1.41 124.79 ±7.77
Mid (V6)
Alfalfa 37.70 ± 2.45 43.91 ±2.57 146.18 ±4.77
Crimson clover 39.99 ± 1.67 46.08 ± 0.86 156.98 ±3.82
Dutch white 
clover
38.68 ± 0.98 44.93 ± 1.56 153.20 ±4.44
Hairy vetch 40.12 ±2.07 47.93 ± 0.52 160.64 ± 1.24
Control 37.94 ± 1.57 43.84 ± 2.90 148.04 ± 6.91
Late (Rl)
Alfalfa 39.54 ±0.57 49.74 ± 1.07 155.30 ± 1.55
Crimson clover 38.88 ±0.52 48.97 ± 0.76 154.18 ±3.18
Dutch white 
clover
39.10 ± 1.12 49.84 ± 0.83 156.17 ± 3.17
Hairy vetch 38.30 ±0.70 49.44 ±0.81 149.05 ±2.64
Control 38.92 ±0.81 48.63 ± 0.71 153.42 ± 1.25
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Table 4.14. 2012 Com SPAD chlorophyll readings and final com plant height 
measurements pooled by planting date (n=20) and intercrop species (n=12). Factorial
OVA was used to detect differences between treatments anc interaction effect.
Treatment
.
SPAD chlorophyll reading Final plant height 12
8 WAP 10 WAP WAP
Early (V2) 35.01 az 27.67 a2* 133.37 a25'
Mid (V6) 38.89 b 45.34 b 153.01 b
Late (Rl) 38.95 b 49.32 c 153.62 b
Significance *** *** ***
Alfalfa 37.00 39.29 142.76
Crimson clover 37.85 40.91 148.64
Dutch white clover 38.31 41.80 150.90
Hairy vetch 37.50 42.16 148.97
Control 37.41 39.72 142.08
Significance N.S N.S. N.S.
zMeans followed by the same letter are not statistically different according to Tukey’s 
HSD test, P>0.05.
yHomogeneous subsets in column using rank transformed data.
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Figure 4.4. 2012 Average com height from four through 12 WAP measured weekly 
pooled by intercrop planting date. Final heights from the V6 and R1 intercropping 
treatments differed significantly from heights in the V2 treatment.
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Figure 4.5. 2012 Average com height from four through 12 WAP measured weekly 
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Figure 4.6. 2012 SPAD chlorophyll readings measured at eight and 10 WAP sweet com. 
Readings are pooled by planting dates. Side dressing of com occurred at six WAP. Final 
SPAD readings from early (V2) intercropped plots were lower than those intercropped at 





Figure 4.7. 2012 SPAD chlorophyll readings measured at eight and 10 WAP sweet com. 
No significant differences were detected between intercrop species treatment at either 
sampling date.
Com yield. No marketable ears were produced from the V2 intercropped plots. 
Com ears from V2 intercropped plots were small and did not have complete kernel fill 
(Figure 4.8). Comparisons of yield and ear qualities were made between V6 and R1 
intercropped plots only. Length of com ears did not differ significantly across the two 
intercrop planting dates or species, however, average ear weight was significantly higher 
from plots with the latest intercrop seeding date treatment (Tables 4.15&4.16). Average 
com ear weight was approximately 27g higher from the late seeded plots. Between these 
two planting dates, marketable yield was highest from plots intercropped at the R1 stage. 
Marketable yield estimates from V6 intercropped plots were 10533 versus 17530 ears-ha" 
1 in R1 intercropped plots. Com plant growth, health and yield were favored by the latest 
intercrop seeding date and were not affected by intercrop species.
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Figure 4.8. Sweet com ears harvested from early (V2), mid (V6) and late (Rl) 
intercropped plots in 2012. All ears from the early intercrop seeding treatment were 
deemed unmarketable by our standards due to short length of ears and incomplete kernel 
fill.
Table 4.15. 2012 Com ear characteristics and yield per intercrop planting date and 
species treatment (mean±SE; n=4). No marketable ears were produced in any plots
intercropped at the early (V2) p anting date.
Planting Intercrop
Com ear measurement Total number of
date
Length (cm) Weight (g) marketable ears-ha'1
Alfalfa 19.2 ±0.1 169.6 ± 11.6 11148 ± 2617
Crimson clover 19.1 ±0.3 156.2 ± 12.0 9610± 1255
Mid (V6) Dutch white clover
18.8 ±0.3 153.4 ±7.5 5766± 1313
Hairy vetch 19.0 ±0.3 179.4 ±8.0 16530 ±2540
Control 19.0 ±0.4 177.4 ± 14.5 9610 ± 3861
Alfalfa 19.1 ±0.4 201.1 ±8.2 16146 ±2842
Crimson clover 19.4 ±0.1 203.6 ±3.9 15377± 1255
Late (Rl) Dutch white clover
19.6 ±0.2 203.4 ± 8.7 20374 ± 3380
Hairy vetch 19.4 ±0.2 197.8 ±9.5 19990 ± 3380
Control 18.9 ±0.9 193.1 ±3.4 15761 ±2969
Table 4.16. 2012 Marketable ear lengths, weights and yield pooled by intercrop planting 
date (n=20) and species (n=8). Factorial ANOVA used to detect differences between 
intercrop treatments and interaction effect. Student’s t test was used to compare planting 
date means. Factorial ANOVA was used to detect differences between intercrop species 
treatments and interaction effect. No marketable ears were produced in any plots
opped at the early (V2) planting date.
Com ear measurement Total number of
Treatment Length (cm) Weight (g) marketableears-ha'1
Early (V2) — — —
Mid (V6) 19.0 b2* 167.2 a25' 10533 a2
Late (Rl) 19.3 a 199.8 b 17530 b
Significance * *** ***
fcHBHBItpPWQGlBS
Alfalfa 19.1 185.3 13647
Crimson clover 19.3 179.9 12493
Dutch white clover 19.2 178.4 13070
Hairy vetch 19.2 188.6 18260
Control 19.0 185.3 12686






zMeans followed by the same letter are not statistically cifferent according t
Tukey’s HSD test, P>0.05.
N.S., * and *** indicate non significant and significant at P<0.05 and PO.OOl, 
respectively.
yHomogeneous subsets in column using rank transformed data.
Weed and intercrop populations. Intercrop establishment was most successful in 
the early and late seedings (Figure 4.9). Biomass of intercrops at the end of the season 
was highest from the latest planting date treatment (Tables 4 .15&4.16), likely due to less 
competition with weeds. Overall intercrop biomass and densities were lowest from the 
V6 plantings (Tables 4.15-4.18). Alfalfa density was lowest of all intercrop species 
evaluated due to poor germination and establishment.
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Weed biomass and density were similarly more affected by intercrop planting 
date rather than intercrop species. Significant differences between intercrop planting date 
treatments were detected by parametric factorial ANOVA. Total weed biomass and 
densities were lower in treatments in which intercrops were seeded later and that received 
additional inter-row cultivation (Tables 4.17-4.20). Crabgrass (Digitaria spp.) was the 
most prevalent monocot weed species and overall grass weed biomass was highest in the 
V2 intercropped plots (Figure 4.10). However, the effect of intercrop species on 
broadleaf weed biomass was statistically significant (P=0.034). Broadleaf weed biomass 
amounts differed between crimson and Dutch white clover intercropped plots. Fewer 
broadleaf weeds were found in the Dutch white clover treatments, which also had the 
highest intercrop density.
Figure 4.9. Early intercropped plot in 2012 with crimson clover between rows 
approximately five WAP.
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Table 4.17. 2012 Average dry weed and intercrop biomass between and within rows of 
sweet com in all plots per intercrop planting date and species treatment (n=4).________
Planting
date Intercrop
Dry biomass (g m*2)





24.21 7.29 ± 4.71
488.17 ± 
















70.19 0.00 ± 0.00
Hairy vetch
394.87 ± 




































15.44 0.00 ± 0.00
Late
(Rl)








2.30 ± 0.63 17.29 ±6.58 27.03 ±5.13
Hairy vetch 17.11 ±8.10 12.58 ±3.73 29.69 ± 5.96 11.82 ±2.97
Control 3.34 ± 1.88 8.67 ±2.91 12.01 ±2.76 0.00 ± 0.00
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Table 4.18. 2012 Average dry weed and intercrop biomass between and within rows of 
sweet com in all plots pooled by intercrop planting date (n=20) and species treatment 
(n=12). Factorial ANOVA was used to detect differences between treatments and 
interaction effect.
Treatment
Dry biomass (g m‘2)
Weed species IntercropGrass Broadleaf Total weed
Early (V2) 464.13 c2* 16.76^ 480.88 c2* 2.86 a25'
Mid (V6) 324.38 b 15.88 340.26 b 1.46 a
Late (Rl) 13.74 a 8.18 21.91 a 12.57 b
Significance *** *** N.S. ***
"itfiirTr f n V _
Alfalfa 273.87 10.45 ab 284.32 1.60 a
Crimson clover 262.81 20.80 b 283.62 7.63 b
Dutch white 
clover
281.08 7.46 a 288.54 9.04 b
Hairy vetch 254.44 16.09 ab 270.53 9.87 b
Control 264.87 13.20 ab 278.08 —






N.S. N.S. N.S. ***
2Means followed by the same letter are not statistically different according to Tukey’s 
HSD test, P>0.05.
N.S. and *** indicate non significant and significant at PO.OOl, respectively. 
yHomogenous subsets in column using rank transformed data.
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Table 4.19. 2012 Intercrop and weed plant densities measured 3 WAP intercrops at com 




Average density (no plants-m"2)
Weed species
Intercrop
Grass Broadleaves Total weeds
Early
(V2)
Alfalfa 116.0 ±4.5 368.0 ±30.3 484.0 ± 33.7 574.0 ± 56.0
Crimson
clover









88.0 ±3.9 288.5 ± 20.4 376.5 ±24.1 138.5 ±23.3
Control 143.0 ±3.8 474.0 ±30.9 617.0 ±33.9 0.0 ±0.0
Mid (V6)
Alfalfa 39.0 ± 1.3 74.5 ± 16.1 113.5 ± 16.4 152.5 ± 14.2
Crimson
clover









35.0 ±4.5 63.5 ± 16.3 98.5 ± 20.0 53.5 ±5.0
Control 46.0 ± 9.6 88.0 ± 14.9 134.0 ±21.6 0 ± 0
Late (Rl)
Alfalfa 14.5 ±3.3 53.5 ±6.9 68.0 ±7.1 115.0 ±8.3
Crimson
clover









10.0 ±3.2 55.0 ±3.1 65.0 ± 2.5 101.5 ±5.0
Control 8.0 ± 1.6 70.5 ± 2.8 78.5 ± 3.6 0.0 ±0.0
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Table 4.20. 2012 Intercrop and weed plant densities measured 3 WAP intercrops at com 
V2, V6 and Rl growth stages pooled by intercrop planting date (n=20) and species 
treatments (n=12). Factorial ANOVA was used to detect differences between treatments 
and interaction effect.
Treatment
Average density (no. plants-m'2)
Weed species IntercropGrass Broadleaf Total Weed
Early (V2) 30.0 bz 94.2 b25' 124.2 bz 221.3 b25'
Mid (V6) 41.3 b 76.3 b 117.6b 90.6 a
Late (Rl) 11.9a 51.1 a 63.0 a 221.0 b
Significance *** ** *** ***
W j j f a m  gpocic8
Alfalfa 27.5 73.3 100.8 231.2 b
Crimson clover 28.0 78.7 106.7 313.7 c
Dutch white 
clover
30.8 61.4 92.2 242.2 b
Hairy vetch 22.3 63.5 85.9 112.8 a
Control 29.9 92.3 122.2 —






N.S. N.S. N.S. ***
zMeans followed by the same letter are not statistically different according to Tukey’s 
HSD test, P>0.05.
yHomogeneous subsets in column using rank transformed data.
N.S. and *** indicate non significant and significant at P>0.05 and PO.OOl, 
respectively.
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Figure 4.10. Early intercropped plots (left) and late intercropped plots with bare soil 
between rows just prior to seeding (right). Crabgrass was the most problematic weed in 
the early seeded plots in 2012.
Results of perMANOVA are consistent with trends in weed biomass detected by 
parametric factorial ANOVA. Planting date was found to be a significant factor 
influencing weed abundance and community composition (Table 4.21). Weed diversity 
in each planting date treatment was different from one another. No differences were 
found between intercrop species treatments (P>0.005).
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Table 4.21. 2012 PerMANOVA results comparing effects of intercrop planting date and 
species treatments on weed community diversity and abundance. Significance values 
were set at P<0.017 and P<0.005 for multiple pairwise comparisons using Bonferroni 
correction.
Pairwise comparison P value
Early (V2) vs. Mid (V6) 0.000200
Early (V2) vs. Late (Rl) 0.000200
Mid (V6) vs. Late (Rl) 0.000200
Significance 0.000200
slii§0!N*iip.s^
Alfalfa vs. Crimson clover 0.091600
Alfalfa vs. Dutch white clover 0.109200
Alfalfa vs. Hairy vetch 0.027600
Alfalfa vs. Control 0.645400
Crimson clover vs. Dutch white clover 0.075000
Crimson clover vs. Hairy vetch 0.594000
Crimson clover vs. Control 0.926000
Dutch white clover vs. Hairy vetch 0.121200
Dutch white clover vs. Control 0.454600
Hairy vetch vs. Control 0.732000
Significance 0.174400
Significance of interaction (planting 
date* intercrop species)
0.791200
indicates significant at P<0.017
ISA revealed that crabgrass and annual bluegrass (Poa annua L.) were significant 
indicators of the V2 intercrop planting date (Table 4.22). Purslane (Portulaca oleracea 
L.) and carpetweed {Mollugo verticillata L.) were significant indicators of the V6 and Rl 
intercrop planting dates, respectively. Grassy weed species appeared to be more 
problematic in the V2 planting, versus broadleaf species in the later plantings. No 
significant indicator species were found between intercrop species treatments (P>0.05).
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Table 4.22. Significant indicator weed species in response to intercrop planting date 
treatments in 2012 (P<0.05). No significant indicator species were detected among 
intercrop species treatments.______________________________________________
Weed species Planting date Observed Indicator Value (IV) P value
Digitaria sanguinalis L. Early (V2) 39.6 0.0002
Poa annua L. Early (V2) 37.3 0.0090
Portulaca oleracea L. Mid (V6) 43.9 0.0002
Mollugo verticillata L. Late (Rl) 52.3 0.0002
Soil environmental factors. Soil moisture was significantly higher in plots seeded 
with intercrops at the V2 stage. Moisture was lowest in plots where seeding occurred at 
the Rl stage (Table 4.25).
Table 4.23. 2012 Soil moisture readings taken between rows of sweet com at 15 WAP 
and pooled by intercrop planting date (n=20) and species treatments (n=12). Factorial 







Early (V2) 24.7 bz Alfalfa 23.2
Mid (V6) 24.4 b Crimson clover 23.3





Significance of interaction (planting 
date*intercrop species) N.S.
zMeans followed by the same letter are not statistically different according to 
Tukey’s HSD test, P>0.05.
Discussion
Delaying intercrop seeding is a means of increasing feasibility of intercropping 
systems by minimizing competition with an economic crop during critical periods of 
growth and nutrient uptake. The 2012 run of the experiment suggests that planting date
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plays a much more important role influencing organically-managed sweet com growth 
and yield versus choice of intercrop species, likely due to competition for nutrients and 
resources from intercrops and weeds. Although delaying intercrop seeding until 
reproductive maturity of com may prevent yield losses, benefits of cover cropping and 
diversity are lost for most of the season.
Little effect of intercrop planting date was observed in 2011 due to poor 
germination of sweet com. The significant negative correlation between com population 
and com height suggests that overall growth in 2011 was dependent on this unintentional 
factor. No differences in chlorophyll content of leaves or ear measurements were 
detected in response to any treatments in this year.
Significant differences in overall com productivity were found in 2012. 
Transplanted com in this year allowed for more precise control over com plant 
population. In the 2012 study, com was shortest and chlorophyll levels were lowest in 
plots where intercrops had been planted at the V2 stage. Extrapolated yield estimates 
indicated significant reduction in marketable yield between V6 and Rl intercrop seeding 
dates. No marketable ears were harvested from treatments in which intercrops were 
planted at the com V2 stage. Ears from these plots were small and kernels were not filled 
evenly or to the tip. A difference of approximately 7,000 marketable ears-ha'1 between 
V6 and Rl seeding date treatments is enough that a grower would likely choose the Rl 
intercropping date over the earlier dates.
Gulden et al. (1997) similarly found that intercrops seeded into established sweet 
com after the V6 stage (between V7-V9 and at blister stage) did not adversely affect 
yield or ear quality. It is likely that a seeding date shortly after the V6 stage, possibly V8
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or later, would cause little to no adverse effect on yield as com nears reproductive 
maturity, however; the degree of weed pressure in field conditions likely plays a very 
important role in determining this. While some previous studies suggest intercropping 
dates prior to com reproductive maturity may not impact yield (Scott et al., 1987; 
Jeranyama et al., 1998) few have managed trials according to organic standards while 
quantifying weed populations.
Critical periods of weed control (CPWC) in com have been studied for the 
purpose of determining the stages of growth at which com yield is ultimately reduced by 
competition from weeds. Duration of CPWC are dependent upon the weed seedbank, 
soil fertility, com planting date and other environmental factors. Hall et al. (1992) found 
that when weed densities were as high as 184 weeds-ft'2, com yield potential began to be 
reduced at the V3 stage if left uncontrolled. CPWC began earlier and was longer when 
weed populations were higher. End of the CPWC is also highly variable, between V5 
and tasseling (Hall et al., 1992; Evans et al., 2003; Williams, 2006; Mahmoodi and 
Rahimi, 2009).
In addition to lower com populations in 2011, differences in weed communities 
and planting dates of com may explain why yield reduction was observed in some 
intercropping treatments in 2012, yet none in 2011. Planting date of com greatly 
influences competition dynamics between com and weeds. Williams (2006) reported that 
in Illinois, sweet com planted on June 20 had a shorter CPWC than com that was planted 
on May 1. Com planted in June experiences warmer average temperatures. Because 
com is a C4 plant, it is more efficient at photosynthesis at high temperatures than plants 
with C3 metabolism. In our study, sweet com was planted on June 22 in 2011 and on
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May 1 in 2012, similar to planting dates reported by Williams (2006). Weed populations 
differed between sites and years. Total weed biomass was higher in 2012 versus in 2011. 
Later plantings allow for some depletion of weed seedbanks prior to planting, and thus 
lower weed populations. Williams (2006) attributed greater competitive ability of June- 
planted com not only to fewer weeds, but to greater photosynthetic efficiency of com in 
warmer temperatures compared with broadleaf weeds, which use C3 metabolism. 
Broadleaf weeds comprised a very small proportion of total weed biomass in 2012. 
Crabgrass, another C4 plant, was highly competitive with com and intercrops in the V2 
and V6 planting date treatments in 2012. Pigweed and lambsquarters were the most 
abundant weeds in 2011, and grassy weed species were not as prevalent in this year. Due 
to planting date and weed species composition between years, the conditions may have 
been more favorable to com growth in 2011, and intercropping treatments did not reduce 
yield in this year.
Heavy weed pressure during both years was an indication that earlier intercrop 
seeding dates were not desirable, even if com yields were not reduced. Allowing weeds 
to grow amongst intercrops without mowing or tillage results in large additions to the soil 
weed seed bank as these plants reach reproductive maturity. Because synthetic 
herbicides are prohibited in organic systems and few to no organic-approved and 
effective formulations are available, preventative weed control is the most effective 
option for growers. In these early intercropped systems, tillage is also not an option to 
control weeds. Total weed biomass in V2 intercropped plots was nearly nine times that 
of the Rl seeded intercrops. Additional cultivation and hand weeding between rows of 
com prior to seeding intercrops greatly reduced overall weed growth early in the season
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and is critical to corn growth. Additionally, in some plots intercropped at the early date, 
intercrop plants died out when competing heavily with surrounding weeds; therefore in 
this system the benefits of nitrogen fixation by legumes may be lost when the cover crop 
is suppressed and ultimately smothered by the weeds. Cost of intercrop seed is not 
justified at these earlier seeding dates.
While no significant consequences of intercrop species choice was revealed in 
this study, there may be other benefits to soil properties that were not accounted for in 
our experiment. In 2012 soil moisture readings indicated that moisture was conserved in 
plots that were intercropped earlier in the season. This is likely due to shading of the soil 
by intercrop plants and weeds reducing evaporation from the soil surface, or possibly less 
water use by smaller com plants. Organic matter and N additions to the soil from 
intercrops could affect crop growth in the following year. Because of such heavy weed 
pressure and weed seed production observed in both years, it is not likely that these 
benefits would outweigh the consequences of the addition of large amounts of weed 
seeds to the weed seed bank. Crabgrass, pigweed and lambsquarters produce high 
numbers of seeds and are fast growing, tall and aggressive weeds that have the potential 
to be very problematic pests if allowed to reach reproductive stages in the field, 
especially in organically-managed systems. Intercrop species chosen did not grow 
quickly enough to out-compete these weeds. Choice of a faster growing and tall 
intercrop species would likely have an adverse effect on com growth as well.
Based on the data generated from these experiments, it is clear that a seeding date 
closer to or at the onset of com reproductive maturity (Rl) is the best recommendation 
for an organic grower wishing to adopt intercropping practices in an organic setting using
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only tillage and hand cultivation for weed control. Earlier intercrop seeding dates are 
likely to reduce com yield and lead to increased weed populations that are difficult to 
control without labor-intensive hand weeding without tools following intercrop seeding.
105
CONCLUSION
One parameter characterizing sustainable agricultural systems is the minimization 
of off-farm inputs (Edwards, 1987). Our studies have shown that certain cover cropping 
practices have the potential to reduce the need for some of these inputs, including sources 
of fertility, herbicides, labor and fuel used for tillage. Ability of cover crops to capture 
nutrients and to influence weed populations was highly dependent upon species choice 
and planting date within a system. Cover crop species planted in late summer that 
established quickly and produced dense leaf canopies were most effective at suppressing 
weeds (Chapter II). Synergism between legumes and a nutrient-storing Brassica cover 
crop, forage radish, improved crop performance in the following growing season 
(Chapter III). Cover crops that are effective at suppressing weeds and also contribute 
nutrients to an upcoming crop may ultimately lead to less need for herbicide application 
and cultivation to control weeds and reduced fertilizer inputs. However, our studies also 
demonstrated potential adverse effects of cover crop use. When planted early in the 
season, cover crop species intercropped with sweet com resulted in increased weed 
populations and in one year of the study, decreased yields (Chapter IV). The potential 
detrimental effects of cover cropping can discourage growers from adopting these 
practices.
The information gained from these trials is intended for practical use by growers 
in New England so that they may make more informed decisions about which cover 
cropping practices may be most beneficial for their situation. We revealed the weed 
suppressive qualities and ability to impact future yield of several cover crops not
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frequently used in New England, including forage radish. We hope that future studies are 
conducted to explore use of this cover crop in mixtures and its effects on other 
horticultural and agronomic crops in rotation. Mechanisms of nutrient uptake by forage 
radish taproots and timing of release in the spring depend on existing soil nutrient 
availability and climate and there is evidence to suggest that performance differs 
regionally (Dean and Weil, 2009). Interest from growers in our area indicates that more 
information on performance of forage radish in other systems is warranted prior to the 
adoption of this crop.
The nature of most agricultural studies is to quantify effects of specific 
management practices on short-term outcomes such as crop yield. In our studies, effects 
of cover cropping were assessed over the course of two seasons only. Longer-term 
systems studies capturing impacts of cover cropping on soil quality may reveal benefits 
that cannot be measured in only two years. Soil organic matter contributions from cover 
crops, influence on soil microbial populations, beneficial insects and soil nutrient levels 
were not directly measured in our studies. These factors influence subsequent crop 
growth and help explain synergism between crops and rotation effects. Our studies begin 
to shed light on these interactions, but the complexity of interactions in agroecosystems 
that incorporate cover crops is not yet fully understood.
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The following are significance values of one-way analysis o f variance (ANOVA) tests 
that were run using untransformed data where results using rank transformation are 
presented in previous chapters. Indication is given where Tukey’s multiple comparison 
test results do not differ between ranked and untransformed data.
Chapter II
Table A.I. P values and Tukey’s HSD test results of untransformed data in late-seeded 
cover crop trial soil temperature in 2011 and 2012 where results of ranked data were 
presented in Chapter II.
Cover crop Aug. 12,2011 
planting
Jul. 25, 2012 
planting
Alfalfa cz dez




Dutch white clover be de
Ryegrass be bed
Winter rye/hairy vetch 
mix
ab abc
Winter rye c de
Soybean c cde
Forage radish (11 
kg-ha'1)
a a
Forage radish (28 
kg-ha'1)
a a
Hairy vetch ab ab
Control d e
Significance *** *♦*
zValues within a column indicated by the same letter are not significantly 
different according to Tukey’s HSD test, P>0.05.
*** indicates significant at PO.OOl.
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Table A.2. P values and Tukey’s HSD test results of untransformed data in late-seeded
cover crop trial soil ground coverage estimates in 2011 and 2012 where results of ranked
data were presented in Chapter II.
Cover crop 2011 2012Aug.12 planting Jul. 25 planting Aug. 8 planting
Alfalfa az az az




Dutch white clover a b be
Ryegrass a be b
Winter rye/hairy vetch 
mix
ab be be
Winter rye a a a
Soybean a b a
Forage radish (11 kg-ha'1) be de be
Forage radish (28 kg-ha'1) c e c
Hairy vetch a cd b
Control — — —
Significance *** *** ***
zValues within a column indicated by the same letter are not significantly different 
according to Tukey HSD test, P>0.05.
*** indicates significant at PO.OOl.
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Table A.3. P values and Tukey LSD pairwise comparison results of untransformed data
in late-seeded cover crop trial 2011 and 2012 weed and cover crop biomass where results
















Alfalfa cdz cz ez abcz cz cz az




abc c cde abc c c be
Dutch white 
clover
cd c de be c c ab




abc be cde abc c c c
Winter rye abc be cde abc c c a
Soybean cd be bed c c c ab
Forage radish 
(11 kg-ha'1)
ab b ab ab ab ab d
Forage radish 
(28 kg-ha'1)
a a a a a a d
Hairy vetch bed be abc abc abc be c
Control d c cde abc c c —
Significance *** *** *** *** *** *** ***
zValues within a column indicated by the same letter are not significantly 
different according to Tukey HSD test, P>0.05.
*** indicates significant at P<0.001.
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Table A.4. P values and Tukey LSD pairwise comparison results of untransformed data
in late-seeded cover crop trial 2011 and 2012 weed and cover crop densities where results
















Alfalfa — — abz — bz az







— — ab — ab c





Winter rye — — ab — ab a
Soybean — — ab — b a
Forage radish 
(11 kg-ha'1)
— — ab — ab a
Forage radish 
(28 kg-ha'1)
— — ab — a a
Hairy vetch — — ab — ab ab
Control — -— a — b —
Significance N.S. N.S. ** N.S. ** ***
zValues within a column indicated by the same letter are not significantly 
different according to Tukey HSD test, P>0.05.




Table A.5. P values and Tukey LSD pairwise comparison results of untransformed data
in cover crop response trial spring weed and cover crop biomass where results of ranked
data were presented in Chapter III.
Cover crop
JuL 29 planting Aug. Sj&otiiig
Weed species
Cover crop











Alfalfa az az az ab az az az bz
Crimson clover b a a ab a a a cd
Crimson/Dutch ab a a ab a a a be
white clover mix
Dutch white clover a a a ab a a a be
Ryegrass a a a b a a a d
Winter rye/hairy a a a b a a a bed
vetch mix
Winter rye a a a ab a a a cd
Soybean ab a a a a ab ab a
Forage radish (11 ab a a a ab a a a
kg-ha'1)
Forage radish (28 ab a a a b a a a
kg-ha'1)
Hairy vetch a a a ab a a a be
Control ab b b a ab b b a
Significance ** *** *** *** *** * * * ***
zValues within a column indicated by the same letter are not significantly different 
according to Tukey HSD test, P>0.05.
** and *** indicate significant at PO.Ol and PO.OOl, respectively.
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Table A.6. P values and Tukey LSD pairwise comparison results of untransformed data
in cover crop response trial sorghum-sudangrass SPAD reading from Aug. 12, 2011
cover cropped plots where results of ranked data were presented in Chapter III.
Cover crop SPAD reading
Alfalfa bcdez
Crimson clover abed
Crimson/Dutch white clover 
mix
cde
Dutch white clover e
Ryegrass a




Forage radish (11 kg-ha'1)
bede





zValues within a column indicatec by the same letter are
significantly different according to Tukey HSD test, P>0.05. 
*** indicates significant at P<0.001.
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Chapter IV
Table A.7. P values and Tukey LSD pairwise comparison results of untransformed data
in intercropping trial 2011 weed and intercrop biomass and density where results of

















Early (V2) bz bz bz bz abz bz bz abz
Mid (V6) a a a b b a a a
Late (Rl) a a a a a a a b
Significance * *** *** *** * ♦♦♦ *** ***
Alfalfa — — — az — — --- cz
Dutch white clover — — — a — — --- a
Winter rye — — — a — — --- c
Control — — — b — — --- b
Significance N.S. N.S. N.S. **♦ N.S. N.S. N.S. ***
Significance of
interaction (planting N.S. N.S. N.S. N.S. N.S. N.S. ♦date* intercrop
species)
zValues within a column indicated by the same letter are not significantly different 
according to Tukey HSD test, P>0.05.
N.S., *, ** and *** indicate non significant at P>0.05 and significant at P<0.05, P<0.01 
and PO.OOl, respectively.
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Table A.8. P values and Tukey LSD pairwise comparison results of untransformed data
in intercropping trial 2012 com SPAD, height and ear measurements where results of











Early (V2) az az __y
Mid (V6) b b —
Late (Rl) c b —
Significance *** * * * N.S.
Alfalfa — — —




Hairy vetch — — —
Control — — —







zValues within a column indicated by the same letter are not 
significantly different according to Tukey HSD test, P>0.05. 
yNo marketable ears were harvested from early (V2) intercropped plots. 
N.S. and *** indicate non significant at P>0.05 and significant at 
P<0.001, respectively.
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Table A.9. P values and Tukey LSD pairwise comparison results of untransformed data
in intercropping trial 2012 weed and intercrop biomass and density where results of













Early (V2) cz — cz az bz bz
Mid (V6) b — b a ab a
Late (Rl) a — a b a b
Significance *** N.S. *** *** #* ***
iisWiMWP iiwvics .
Alfalfa — — — az — cz
Crimson clover — — — b — d
Dutch white clover — — — b — c
Winter rye b b
Control — — — a — a
Significance N.S. N.S. N.S. *** N.S. ***
Significance of
interaction (planting N.S. N.S. N.S *** N.S. ***date* intercrop
species)
zValues within a column indicated by the same letter are not significantly 
different according to Tukey HSD test, P>0.05.
N.S., ** and *** indicate non significant at P>0.05 and significant at PO.Ol and 
PO.OOl, respectively.
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